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THE   MICROMETER    LEVEL. 

By  E.  C.  Pickkrixg. 

Read  November  8.  1876. 

During  last  summer  my  work  for  the  Club  was  mainly  in 
the  direction  of  topography.  From  Jefferson  Hill,  the  Flume 
House  and  Jackson  as  headquarters,  trips  wrere  taken  to  various 
points  from  which  extended  views  were  obtainable.  The  ver- 
tical and  horizontal   angles  of  all  the  principal  summits  visible 

• 

were  then  measured  by  a  micrometer  level.  This  instrument 
consists  of  a  surveyor's  level  with  one  end  of  the  telescope  on  a 
hinge,  and  the  other  end  supported  by  a  micrometer  screw.  In- 
stead of  using  a  tripod,  the  instrument  rested  on  a  small  cast 
iron  triangle,  and  was  placed  directly  on  a  projecting  rock. 
Great  steadiness  was  thus  obtained.  The  instrument  in  its  box 
weighed  about  twelve  pounds,  or  fifteen  pounds  with  the  addi- 
tional protection  required  for  the  more  exposed  summits.  The 
probable  error  of  the  vertical  angles  was  only  about  6",  that  of 
the  horizontal  angles,  about  4'.  The  readings  were  made  verv 
rapidly,  almost  as  fast  as  a  companion  could  record.  When 
alone  on  a  mountain  and  making  mv  own  records,  72  vertical 
and  58  horizontal  angles  wrere  measured  in  46  minutes,  or  at 
the  rate  of  170  per  hour.  The  positions  of  the  stations, 
with  the  number  of  vertical  and  horizontal  angles  observed,  are 
given  below : 
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The  total  number  of  vertical  angles  observed  during  my  stay 
at  Jefferson  Hill  was  1145,  of  horizontal  angles,  932.  On  the 
trip  to  attend  the  field  meeting  of  the  Club,  802  vertical,  and 
720  horizontal  angles  were  measured.  At  the  Flume  House,  dur- 
ing a  week's  visit,  451  vertical,  and  405  horizontal  angles,  were 
taken,  and  at  Jackson,  113C  vertical,  and  1047  horizontal.  In 
all,  3534  vertical  and  3104  horizontal,  or  (H538  angles.  The 
portability  and  rapidity  of  the  instrument  is  shown  by  the  fact 
that  in  almost  every  case,  leaving  the  hotel  in  the  morning,  the 
mountain  was  ascended,  the  observations  taken,  and  the  return 
effected,  before  dark.  The  observations  were  therefore  made 
during  the  three  or  four  hours  which  could  be  passed  on  the 
summit. 

In  one  case  only,  on  Mt.  Adams,  was  a  night  passed  in  camp. 
Two  other  trips  occupied  two  days.  Leaving  the  Mt.  Pleasant 
House  in  the  morning,  Mt.  Pleasant  was  reached  by  the  Craw- 
ford Path,  and  the  night  spent  on  Mt.  Washington.  An  early 
start  the  following  morning  gave  us  a  morning  on  Mt.  Jefferson, 
and  an  hour  or  so  on  Mt.  Adams.  I  reached  Jefferson  Hill  the 
same  evening  on  foot,  at  about  nine  o'clock.  This  amount  of 
work  would  have  been  quite  impracticable  without  the  aid  of 
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my  friend  Mr.  G.  C.  Mann,  in  recording  the  observations  and 
helping  carry  the  micrometer  level.  On  the  other  two-day 
trip,  leaving  Jackson  in  the  morning,  and  taking  the  cars  to 
the  Intervale  Station,  we  reached  the  top  of  N.  Moat  at  an  early 
hour.  *  A  walk  over  the  ridge  to  S.  Moat,  across  the  Swift 
River  and  over  the  eastern  ridge  of  Chocorua,  brought  us  to 
the  foot  of  that  mountain  by  nightfall.  The  next  day  we  as- 
cended Chocorua,  walked  back  to  Conway  Centre,  and  re- 
turned by  cars  and  stage  to  Jackson  the  same  evening.  This 
trip  gave  839  angles,  556  on  the  first  day.  Of  the  other  trips, 
the  ascent  of  Mt.  Liberty  is  described  in  Appalachia  No.  2,  p. 
122,  and  that  of  Mt.  Willey,  p.  120. 

The  other  methods  of  determining  mountain  elevations  are 
by  levelling,  by  measuring  vertical  angles  with  a  theodolite, 
and  by  a  barometer  or  boiling  point  apparatus.  The  first  of 
these  can  seldom  be  used  from  its  slowness,  as  often  several 
days  would  be  required  to  determine  the  height  of  a  single 
summit.  The  second  method,  which  is  that  employed  by  the 
Coast  Survey,  differs  from  the  one  described  here  only  in 
the  form  of  instrument  used.  A  more  expensive  and  heavier 
instrument  is  required,  and  the  work  is  much  less  rapid.  .  As 
the  uncertainty  of  atmospheric  refraction  is  the  principal  source 
of  error,  the  advantage  of  the  superior  accuracy  of  the  larger 
theodolites  is  lost.  The  shorter  lines  of  sight  employed  with 
the  micrometer  level,  owing  to  the  greater  frequency  of  the 
stations  occupied,  gives  it  also  a  marked  advantage.  The  ba- 
rometer is  open  to  the  objection  of  large  errors,  and  requires  a 
visit  to  every  point  to  be  measured.  A  comparison  of  the  work 
!  of  the  two  instruments  shows  that  more  elevations  can  be  de- 

]  termined  with  the  micrometer  level  in  a  single  day,  than  in  a 

whole  season  with  the  barometer,  and  the  errors  will  also  be 
much  less  with  the  former  instrument.  A  traveller  may  deter- 
mine the  altitudes  of  an  entire  group  of  mountains  by  ascend- 
ing two  of  them  and  reading  the  angles  with  a  micrometer 
level.  The  horizontal  angles  will  furnish  their  position,  and 
the  vertical  angles  will  give  two  independent  measurements  of 
their  altitudes.  It  is  of  course  necessary  to  determine  the 
horizontal  positions  of  two,  and  the  altitude  of  one,  observed 
point. 
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PROFESSOR  EDWARD  C.  PICKERING, 


VICE   PRESIDENT,  8ECTION  A. 


Fellow  Members  of  the  Association  — 

Ladies  and  Gentlemen:  — 

It  is  a  great  disappointment  to  me  that  I  am  unable  to  address 
you  this  evening  in  person.  But  the  heat,  and  length  of  the  jour- 
ney warn  me  that  it  is  safer  to  remain  at  home.  I  have  looked 
forward  for  some  time  to  this  opportunity  of  calling  the  attention 
of  the  Association  to  a  subject  in  which  many  of  you  are,  I  know, 
already  much  interested,  the  Endowment  of  Research.  We  all 
admit  that  this  is  one  of  the  great  objects  of  this  Association,  as 
of  almost  all  scientific  bodies.  But  what  steps  are  we  taking  to 
aid  this  object,  beyond  looking  on  with  interest  while  our  members 
and  others  investigate  various  scientific  problems,  listening  ap- 
provingly to  the  results,  and  publishing  the  papers?  Doubtless  it 
will  be  said,  and  with  justice,  that  we  cannot  do  more  at  present 
for  lack  of  means.  But  the  question  I  wish  to  raise  lies  deeper 
than  this.  Many  persons  admit  that  there  are  enough  public- 
spirited  and  liberal  men  in  the  community  to  furnish  the  money 
needed  for  any  object  which  can  be  shown  to  be  really  worthy. 
Let  us  for  the  moment  admit  this  argument,  let  us  assume  that 
abundant  means  can  be  obtained,  provided  that  assurance  can  be 
given  that  the  result  will  justify  the  act.    Not  that  the  institution 

(3) 
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shall  be  made  self-supporting  or  return  an  income,  but  that  the 
money  shall  not  be  wasted  and  that  the  results  shall  be  a  continual 
increase  of  human  knowledge,  or  improvement  of  the  condition  of 
the  human  race. 

The  first  obstacle  we  encounter  is  the  opinion  widely  maintained 
even  by  scientific  men,  that  the  original  research  of  a  country  is 
a  natural  growth  and  that  it  is  useless  to  try  to  force  it.  We 
might  as  well  say  that  music  and  art  are  natural  growths  and  that 
it  is  therefore  useless  to  teach  them !  What  should  we  have  of 
ancient  art  were  it  not  for  the  munificent  encouragement  of  many 
ancient  rulers  ?  In  later  days  how  would  literature  and  art  have 
thrived  had  it  not  been  for  the  support,  often  scanty  it  is  true,  of 
the  public  in  purchasing  books,  paintings  and  sculpture?  With 
the  man  of  science  it  is  quite  different.  There  is  generally  little 
or  no  pecuniary  reward  for  his  success.  The  public  do  not  eagerly 
crave  each  new  memoir  on  the  higher  mathematics.  A  crowd  does 
not  gather  around  the  bulletin  board  to  read  the  discovery  of  a 
new  asteroid  or  organic  radical.  The  consequence  is  that  since 
the  man  of  science,  like  other  men,  must  live,  he  is  obliged  to 
engage  in  some  other  occupation,  generally  teaching,  which  still 
allows  him  apparatus,  a  little  time  and  generally  less  means,  for 
research.  Under  these  circumstances  should  we  not  be  surprised, 
not  that  so  little  is  accomplished,  but  rather  that  so  much  volun- 
teer work  is  done?  Can  we  doubt  that  far  more  would  be  ac- 
complished if  these  same  men  were  allowed  to  devote  their  entire 
energies  to  their  investigations  and  were  aided  by  the  necessary 
appliances  ? 

It  is  said  that  research  is  carried  on  by  few  and  that  but  one 
man  in  a  thousand  is  qualified  for  such  work.  But  this  is  the 
strongest  reason  for  making  every  efTort  to  render  the  energy  of 
such  men  most  effective.  The  obvious  solution  is  organization 
—  carrying  out  a  plan  by  which  research  should  be  rendered  as 
systematic  as  are  the  processes  of  the  mechanical  arts.  Suppose 
that  a  man  should  attempt  to  build  and  furnish  his  own  house ! 
He  might  devote  his  whole  life  to  the  work  and  still  obtain  a 
dwelling  very  inferior  to  what  would  be  erected  in  a  few  months, 
by  a  small  portion  of  that  system  which  we  call  civilization. 
Suppose  that  he  wished  to  travel,  and  should  build  his  own  boat 
or  locomotive !  To  take  a  case  more  like  that  in  question.  Com- 
pare the  old-fashioned  watch  where  the  maker  was  compelled  to 
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make  even  the  wheels  himself,  with  the  precision  and  uniformity 
of  the  chronometers  of  the  present  day.  Notice  also  the  result 
in  scientific  work  where  organization  and  division  of  labor  has 
already  been  introduced.  What  would  be  the  results  of  the  Coast 
Survey  if  those  who  plan  the  work  were  obliged  to  erect  the  sig- 
nals or  take  the  soundings?  At  present  an  investigator  is  obliged 
to  originate  the  subject,  to  plan  the  apparatus  in  detail  and  often 
even  to  construct  it  with  his  own  hands.  He  must  also  be  able  to 
perform  the  experiment  and  discuss  the  results.  It  is  no  wonder 
that  so  many  accomplishments  are  rarely  united  in  one  person. 
It  would,  on  the  other  hand,  be  comparatively  easy  to  find  two 
or  three  persons  who  between  them  could  divide  these  labors. 
Again,  so  much  time  is  often  spent  in  preparing  the  apparatus  and 
making  the  preliminary  observations  that  the  college  professor 
feels  that  he  cannot  afford  to  make  the  long-continued  and  oft- 
repeated  experiments  needed  to  bring  his  work  to  a  proper  con- 
clusion. He,  therefore,  publishes  a  preliminary  paper  with  the 
promise,  seldom  fulfilled,  of  completing  it  in  the  future.  Let  us 
take  an  actual  example.  Suppose  the  subject  selected  is  the  re- 
flection of  light.  Much  .time  and  skill  may  be  required  to  devise 
a  suitable  photometer  and  to  bring  it  into  proper  working  con- 
dition. When  this  is  once  done  it  is  only  necessary  to  find  an  as- 
sistant with  good  eyes  who  can  repeat  over  and  over  the  measure- 
ments of  the  light  reflected  by  different  substances  at  various 
angles  of  incidence.  The  work  now  becomes  a  simple  routine,  and 
if  properly  organized  is  not  expensive.  A  large  class  of  scientific 
work  is  of  this  kind.  In  fact  most  quantitative  investigation,  es- 
pecially that  serving  to  establish  physical  laws  requires  oft-re- 
peated measurements  of  the  same  quantity.  An  assistant  will 
often  thus  obtain  even  better  results  than  his  superior,  because 
his  time  being  less  valuable  will  be  less  occupied  with  other  mat- 
ters, and  he  will  be  able  to  concentrate  his  entire  energies  on  his 
work.  Moreover,  an  assistant  may  be  selected  with  special  refer- 
ence to  his  work,  as  in  the  present  case  for  the  sensitiveness  of 
his  eye. 

Before  proceeding  further  let  us  consider  how  far  the  field  is  al- 
ready occupied,  and  what  aid  is  now  offered  in  this  country  to 
research.  This  may  be  stated  in  very  few  words.  We  have  first 
the  munificent  bequest  of  one  of  the  first  Presidents  of  this  Asso- 
ciation, who  thus  added  at  his  death  another  to  the  long  list  of 
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valuable  contributions  to  science,  to  which  his  life  was  devoted. 
The  income  of  the  Bache  fund  amounts  to  two  or  three  thousand 
dollars,  and  is  expended  in  aiding  scientific  men  in  conducting 
original  investigation.  Secondly,  the  Rum  ford  fund,  although  orig- 
inally intended  merely  for  giving  medals  for  discoveries  in  light 
and  heat,  is  now  largely  applied  to  aiding  investigation  in  these 
sciences.  The  large  income,  considering  the  special  nature  of 
the  subjects  included,  enables  liberal  aid  to  be  extended  to  any 
worthy  research  in  light  or  heat.  The  Smithsonian  Institution, 
besides  its  many  indirect  aids  to  research,  applies  a  portion  of  its 
income  directly  to  this  work.  With  these  should  be  mentioned 
the  Boyden  premium,  a  sum  of  one  thousand  dollars  offered  for 
many  years  by  the  Franklin  Institute  for  a  specific  investigation. 
I  am  informed,  however,  th.it  no  application  for  this  reward  has 
ever  been  made.  The  establishment  by  the  Johns  Hopkins  Uni- 
versity of  Fellowships  of  which  the  incumbents  are  expected  to 
devote  their  time  mainly  to  research  is  an  important  step  in  the 
right  direction.  Many  other  colleges  indirectly  countenance  or 
mildly  encourage  research,  some  actively,  but  most  of  them  pas- 
sively. Some  persons,  however,  even  go  so  far  as  to  maintain  that 
the  time  and  energy  of  a  college  professor  is  paid  for,  that  he  may 
teach,  and  regard  original  work  as  outside  occupation.  Were  this 
view  general,  small  indeed  would  be  the  growth  of  science  in  this 
country. 

I  shall  confine  my  remarks  to  the  sciences  included  in  Section 
A,  which  is  defined  by  Mathematics,  Physics  and  Chemistry. 
Mathematics  as  here  used  includes  in  its  applications  too  wide  a 
field  for  any  one  person.  It  would  probably  be  best  to  omit  some 
portions.  Astronomy,  for  instance,  could  be  better  treated  at  the 
Observatories  now  existing.  Not  that  the  wants  of  this  science 
are  as  yet  supplied,  but  we  have  already  too  many  unsupported 
Observatories,  and  far  more  could  be  accomplished  with  half  the 
number  having  double  the  endowment.  Geodesy  might  also  be 
left  to  the  Coast  Survey,  were  it  not  for  the  excellent  field  still 
open  in  topography.  This  is  especially  the  case  in  connection 
with  the  State  Snrve3*s  which  will,  doubtless,  be  established 
throughout  the  country  as  soon  as  the  people  are  educated  up  to 
an  appreciation  of  their  value.  I  cannot  forbear  in  this  connec- 
tion calling  attention  to  the  need  of  a  Summer  School  of  Topo- 
graphy, which  might  furnish  valuable  results,  at  the  same  time 
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that  it  would  give  health  and  strength  daring  the  summer  season. 
The  problem  of  mountain  surveying  will  well  repay  study,  as  there 
is  at  present  no  satisfactory  solution.     The  best  mountain  contour 
maps  are  far  from  representing  the  actual  surface  of  the  ground. 
Under  Mathematics  should  also  be  included  Mensuration  in  its 
various  branches  and  many  portions  of  Engineering.     The  latter 
would  be  bo  closely  allied  to  the  work  in  Physics,  in  the  subjects  of 
Mechanics  and  Heat,  that  it  would  be  difficult  to  draw  the  line  be- 
tween them.     Every  branch  of  Physics  would  be  easily  treated  by 
this  method,  as  in  Mechanics,  Sound,  Light,  Heat  and  Electricity, 
numerous  problems  are  awaiting  an  experimental  solution.     The 
excellent  results  attained  by  students  in  many  of  our  physical 
laboratories  proves  conclusively  that  assistants  could  be  obtained 
capable  of  undertaking  work  of  the  greatest  precision.     Chem- 
istry, besides  its  ordinary  branches,  should  include  the  laws  of  mo- 
lecular action,  thermo-chemistry  and  the  more  difficult  problems  of 
animal  and  vegetable  chemistry. 

The  working  corps  of  an  institution  established  for  making  re- 
searches in  the  subjects  named  above  should  be  somewhat  as  fol- 
lows :  — 

First,  a  President,  who  need  not  necessarily  be  an  investigator, 
or  even  possess  great  scientific  ability.  He  must  have  good  ex- 
ecutive ability,  be  a  judge  of  men,  and  understand  thoroughly  the 
engineering  principles  of  construction. 

Secondly,  a  corps  of  investigators,  men  of  acknowledged  sci- 
entific ability,  and  selected  for  the  originality  of  their  ideas,  even 
if  they  have  not  shown  special  skill  in  carrying  them  into  prac- 
tice. Three  men  to  represent  the  subjects  of  Mathematics,  Phy- 
sics and  Chemistry,  would  be  capable  of  carrying  on  an  immense 
amount  of  research.  Each  should  have  one  or  two  deputies  or 
Assistant  Professors,  capable  of  taking  their  places  during  tempo- 
rary absence.  Their  duties  would  be  mainly  planning  details,  su- 
perintending the  construction  of  apparatus,  and  answering  the 
questions  of  their  subordinates. 

Third,  a  large  corps  of  assistants,  whose  duty  it  should  be  to 
carry  out  the  work  laid  out  for  them,  but  who  would  not  necessa- 
rily be  able  to  plan  it.  They  form  the  hands,  while  the  preceding 
class  correspond  to  the  head  of  our  organization.  Each  investi- 
gator should  be  able  to  provide  wdrk  for  at  least  ten  such  assist- 
ants.   They  would  generally  work  in  pairs,  one  observing,  the 
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other  recording,  and  would  change  places  at  intervals.  Their 
work  would  be  mainly  routine,  and  would  require  care  and  me- 
chanical, rather  than  intellectual,  skill.  Many  young  men  would 
be  glad  to  secure  such  work  temporarily,  though  it  would  be  per- 
manent for  few,  as  the  salary  would  be  low. 

Fourth,  workmen,  such  as  a  mechanician,  carpenter,  tinman,  etc., 
capable  of  constructing  in  wood  or  metal  the  apparatus  devised. 
One  person  should  also  be  employed  whose  duty  it  would  be  to  see 
that  the  apparatus  was  always  ready  for  use.  This  would  be  es- 
pecially important  for  the  chronograph,  telegraph  wires,  electric 
light  and  other  appliances  liable  to  be  used  by  several  persons. 

The  subjects  for  investigation  in  each  department  would  in  gen- 
eral originate  with  the  Professors  in  charge.  They  should  also 
encourage  their  assistants  to  suggest  subjects,  and  aid  in  planning 
them.  Many  other  scientific  men  would,  doubtless,  avail  them- 
selves of  an  opportunity  to  have  their  theories  tested  when  unable 
themselves  to  perform  the  necessary  experimental  work.  The 
plan  would  in  all  cases  be  submitted  to  the  President  in  writing, 
with  an  estimate  of  its  cost,  of  the  apparatus  needed  and  of  the 
probable  time  required  to  complete  it.  If  found  practicable  and 
approved,  the  apparatus  would  be  constructed  or  purchased,  and 
tested  under  the  direction  of  the  Professor  by  his  more  skilful  as- 
sistants. When  they  were  able  to  obtain  accordant  results,  they 
would  show  one  or  two  of  the  younger  assistants  precisely  how  the 
measurement  should  be  made  and  carefully  supervise  their  first 
trials.  A  long  series  of  results  could  now  be  obtained  at  small 
expense,  with  slight  supervision  and  direction  as  to  the  most  im- 
portant variations  to  be  tried.  The  results  would  finally  be  reduced 
and  prepared  for  publication. 

Let  me  now  invite  you  to  accompany  me  on  a  visit  to  this  sup- 
posed Institution,  that  we  may  examine  its  structure  more  in  de- 
tail. We  shall  find  it  where  land  is  not  too  valuable,  but  near 
enough  to  some  large  city  that  workmen  of  all  kinds  may  be  ob- 
tained at  short  notice.  It  is  set  back  from  the  road  so  as  to  be 
free  from  dust  and  the  jar  of  heavy  vehicles,  and  commands  a  dis- 
tant view  in  at  least  one  direction.  This  may  be  needed  for  ex- 
periments on  atmospheric  refraction  or  opacity,  on  the  velocity  of 
light  or  for  many  other  purposes.  A  distant  lighthouse  forms  an 
excellent  object  for  such  observations  at  night.  Association  with, 
or  at  least  proximity  to,  some  large  college  is  much  to  be  desired 
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to  avoid  duplication  of  the  collections  of  books  and  apparatus. 
Many  college  professors  have  under  their  charge  a  dozen  instru- 
ments, each  of  which  could  profitably  occupy  the  entire  time  of 
one  person.  These  instruments  are  now  simply  exhibited  to  their 
classes  once  a  year. 

The  building  itself  is  large  but  low,  and  resembles  one  or  more 
blocks  of  two-story  dwelling  houses.  No  more  common  mistake 
is  made  than  in  wasting  the  money  which  should  be  used  for 
equipment,  on  architectural  effect.  This  although  greatly  desira- 
ble in  itself,  is  often  out  of  place  in  a  building  devoted  to  science, 
and  in  fact  is  not  unfrequently  the  cause  of  serious  inconvenience. 
The  windows  should  be  small,  that  they  may  be  easily  darkened 
by  shutters,  and  the  walls  should  not  be  too  thick,  or  carry  heavy 
mouldings  or  cornices,  on  account  of  the  light.  It  is  useless  to 
hope  for  architectural  beauty  in  this  building,  as  the  effect  would 
be  spoiled  by  attachments  which  might  be  made  to  the  exterior. 
The  rooms  are  numerous  but  most  of  them  small,  as  only  one  or 
two  persons  would  in  general  engage  in  the  same  research  and  one 
experiment  would  often  disturb  another.  The  President  and  Pro- 
feasors  should  all  live  under  the  same  roof  with  their  work,  since 
it  may  often  be  necessary  that  they  should  be  present  at  any  hour 
of  the  day  or  night.  Where  an  observation  must  be  repeated  at 
short  intervals,  inconvenient  working  hours  must  sometimes  be 
maintained  for  a  considerable  time. 

On  entering  the  building  we  find  that  it  is  arranged  like  a  hotel, 
with  long  entries  running  from  one  end  to  the  other,  and  rooms 
leading  off  on  each  side.  Two  iron  rails  are  laid  on  the  lower 
entry  and  continued  through  a  rear  door  in  a  straight  line  to  some 
distance  behind  the  building.  By  placing  a  car  on  them  with  one 
wheel  graduated,  as  proposed  by  the  Coast  Survey,  considerable 
distances  may  be  measured  with  the  greatest  accuracy.  These 
entries  will  have  various  other  uses,  as  in  photometry,  in  study- 
ing wave-motion,  elasticity,  resistance  of  pipes,  etc.  The  cellars 
should  be  dry,  properly  finished  and  lighted.  They  would  prove 
most  useful  for  accurate  measurements  or  other  work  requiring  a 
uniform  temperature.  They  would  also  contain  furnaces,  and  a 
small  engine  for  furnishing  power  throughout  the  building.  Stone 
piers  disconnected  with  the  floors  would  pass  through  the  building 
for  the  support  of  delicate  instruments.  Many  of  these  might  be 
attached  to  a  single  pier.    Numerous  pipes  are  laid  under  the  floors 
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for  carrying  water,  gas,  oxygen,  hydrogen,  steam,  compressed  air, 
etc.,  to  any  desired  point.  Wires  are  also  provided  for  transmit- 
ting electric  currents.  Batteries  would  be  replaced  by  a  magneto- 
electric  machine  driven  by  the  engine  which  would  thus  enable  the 
electric  light  to  be  supplied  at  a  few  minutes  notice.  Various 
auxiliary  small  motors  as  turbines  or  gas  engines,  might  also  be 
desirable.  Time  would  be  transmitted  electrically  throughout  the 
building,  and  a  chronograph  with  several  barrels  would  register 
observations  in  any  portion  of  the  building. 

These  examples  serve  to  show  the  system  of  cooperation  by 
which  various  appliances,  which  any  investigator  may  need,  might 
be  rendered  available  for  many.  Any  one  who  has  engaged  in 
such  work  will  realize  how  much  would  be  saved  by  having  such 
means  of  measurement  always  ready  for  immediate  use.  Often 
nine-tenths  of  the  time  is  spent  in  getting  instruments  ready  which 
have  not  been  used  for  months,  or  of  which  portions  are  used  for 
other  purposes. 

I  think  no  one  will  deny  that  the  scheme  here  proposed  would, 
if  carried  out  successfully,  greatly  increase  the  original  research 
of  the  country.  It  would  act  not  only  directly,  but  by  stimulating 
those  connected  with  other  institutions.  Doubtless,  too,  many 
amateurs  would  be  ready  to  avail  themselves  of  the  facilities  here 
collected,  and  contribute  to  its  support,  the  money  that  would 
thus  be  saved.  Were  it  desirable  to  let  it  conform  to  the  demands 
of  applied  science  much  useful  work  might  be  done  by  offering 
opportunities  for  testing  new  inventions  or  products.  For  ex- 
ample, the  power  and  economy  of  new  motors,  the  strength  of 
new  brands  of  steel  or  other  metals  could  here  be  determined  with 
accuracy  and  economy.  The  advantages  of  a  corps  of  unpreju- 
diced observers  whose  position  would  place  them  above  the  sus- 
picion of  partiality,  would  prove  of  great  value  in  many  cases. 
As  experts  in  a  legal  case  they  would  have  the  advantage  of  hav- 
ing at  hand  every  appliance  for  proving  the  correctness  of  their 
statements.  But  apart  from  these  practical  applications,  in  the 
realm  of  pure  science  no  one  can  deny  the  value  of  the  results 
likely  to  accrue.  Not  only  could  the  more  difficult  problems  be 
studied  to  better  advantage,  but  those  more  formidable  from  their 
extent  and  now  rarely  undertaken  by  a  single  individual  might 
easily  be  solved  by  cooperation.  Now  their  only  solution  depends 
on  an  occasional  Government  appropriation  where  large  portions 
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are  often  lost  wilfully,  or  spent  ignorantly  by  the  many  hands 
through  which  the  money  passes,  before  it  is  brought  to  bear  on 
the  scientific  conditions  of  the  problem. 

Let  us  now  return  for  a  moment  to  .the  question  of  endowment. 
It  is  well  known  that  there  is  no  country  in  the  world  where  so 
much  money  is  given  by  private  individuals  to  the  encouragement 
of  education  and  science.  Such  persons,  not  unnaturally  wishing 
to  be  associated  with  their  gifts,  have  in  many  cases  established 
colleges  bearing  their  names.  Let  no  man  think  that  he  will  now 
benefit  the  cause  of  higher  education  by  so  doing.  The  demand 
is  more  than  supplied.  We  have  too  many  colleges  with  far  too 
little  endowment.  Each  new  college  seriously  injures  its  neigh- 
bors by  drawing  pupils  from  them,  and  if  insufficiently  endowed.no 
one  can  be  expected  to  contribute  to  the  glory  of  another  man's 
name.  The  consequence  is  a  struggle  for  existence  on  the  part  of 
what  should  be  active  literary  institutions,  extending,  as  well  as 
disseminating,  human  knowledge.  The  same  remarks  apply  to 
other  literary  or  scientific  institutions,  as  libraries,  observatories, 
or  museums  of  natural  history.  No  benefit  accrues  to  science 
from  an  observatory  without  a  telescope,  or  from  a  telescope  with- 
out  an  observer.  The  true  patron  of  science  will  select  an  object 
proportionate  to  his  gift.  If  he  will  abundantly  endow  any  one 
subject,  no  matter  how  limited,  he  will  confer  a  real  boon  on  his 
fellow  men. 

Finally,  the  advantages  of  establishing  the  institution  which  I 
have  described  are  that  it  opens  a  new  and  unoccupied  field.  It 
does  not  encroach  on  existing  institutions,  or  in  any  way  injure 
them.  On  the  contrary,  if  associated  with  a  college  it  would 
prove  a  great  benefit  by  the  increased  facilities  which  would  thus 
be  collected  together,  as  furnishing  instructive  employment  for  a 
time  to  some  of  the  graduates,  and  as  increasing  the  scientific 
atmosphere  of  the  place.  It  would  benefit  science  by  a  constant 
extension  of  its  boundaries,  and  if  properly  managed  should  be- 
come the  headquarters  of  experimental  science  in  the  country. 
That  the  details  given  above  are  defective  and  open  to  criticism  I 
do  not  doubt,  but  that  the  object  is  laudable  I  presume  no  one 
will  deny.  Whoever  will  supply  this  want  will  leave  the  name  of 
one  who  extended  human  knowledge  and  benefited  his  fellow 
men. 
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ON    THE   LIMITS   OF   ACCURACY   IN   MEASUREMENTS 

WITH    THE    MICROSCOPE. 

Bt  Fbofemor  Edwabd  W.  Moblbt,  of  Western  Resbbvb  Collegb. 

Prorated  Oct.  9, 1878. 

The  following  measurements  of  rulings  on  glass,  by  Mr.  Rogers,  were 
made  with  an  objective  of  two  tenths  of  an  inch  focus,  and  a  cobweb 
micrometer.  For  a  description  of  the  ruled  plates  the  reader  is  re- 
ferred to  page  178  of  the  present  volume  of  the  Proceedings.  Light 
was  thrown  on  the  rulings  by  reflection  from  clouds :  care  was  taken  to 
have  the  light  as  uniform  as  possible.  Such  care  is  necessary  in  mak- 
ing accurate  measurements  with  a  lens  of  short  focus.  The  screw  for 
fine  adjustment  was  permitted  to  be  moved  only  through  half  a  revo- 
lution during  the  measurements.  The  same  parts  of  the  micrometer 
screw  were  used  throughout  the  measurements  of  a  band.  The  image 
of  the  line  ruled  on  the  plate  consists  of  a  bright  central  line,  with  a 
darker  line  on  each  side ;  the  wires  of  the  micrometer  were  placed  on 
this  central  brighter  line,  and  so  near  its  apparent  left-hand  limit  that 
the  bright  line  included  between  the  dark  wire  and  the  dark  border  of 
the  image  of  the  ruled  line  was  the  minimum  visible  quantity,  and 
was  the  same  for  both  wires.  Care  was  taken  not  to  look  at  the  index 
of  the  micrometer  until  the  coincidence  of  the  wires  was  finally  estab- 
lished ;  and  also  to  move  the  wires  a  considerable  quantity  before 
making  a  second  measurement,  except  in  perhaps  five  cases  on  the 
third  plate.  In  two  cases  the  coincidence  thus  finally  established  was 
re-examined  after  the  reading  had  been  taken,  on  account  of  divergence 
from  a  previous  result,  and  in  one  of  these  the  coincidence  was  found 
to  be  imperfect.  With  this  exception,  the  figures  given  are  absolutely 
the  whole  of  the  measurements  on  the  rulings. 
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Two  bands  on  the  first  plate,  and  one  each  on  the  second  and  third 
plates,  were  measured  twice.  The  probable  difference  of  two  measure- 
ments of  the  same  interval  was  found  to  be  one  three  hundred  and 
fifty -nine  thousandth  of  an  inch ;  from  which  the  probable  error  of 
a  single  measurement  may  be  presumed  to  be  about  two  millionths  of 
an  inch.  It  happened  that  thirty-five  of  the  differences  between  two 
measurements  of  the  same  space  were  less  than  the  probable  difference 
as  computed  by  the  usual  formula,  and  thirty-five  were  greater. 

The  measurements  on  the  third  plate  were  more  difficult  than  the 
other,  partly  because  the  lines  were  too  fine  for  the  easiest  work,  and 
partly  on  account  of  fatigue.  They  are,  therefore,  less  satisfactory 
than  the  measurements  on  the  other  plates.  The  outer  lines  of  some 
bands  on  the  second  plate  were  also  troublesome,  and  the  results  for 
two  or  three  not  so  good  as  for  other  spaces. 

Mr.  Rogers  made  measurements  of  the  same  plates,  which  he 
prepared  for  publication  without  knowing  my  results,  but  after  the 
original  micrometer  readings  of  my  measurements  had  passed  beyond 
my  control.  Of  his  measurements  I  know  nothing  at  the  time  of 
writing  the  following  tabular  results.  By  concert  with  him,  my  re- 
sults are  tabulated  in  the  form  adopted  by  him,  for  ease  of  compari- 
son. My  numbers  for  the  spaces  measured  increase  in  the  direction 
of  the  arrows  on  the  ruled  plates,  if  I  have  made  no  mistake,  and  also 
my  numbers  of  the  bands.  The  numbers  of  the  plates  are  those 
written  on  them  by  Mr.  Rogers.  In  the  third  plate  I  measured  only 
spaces  composed  of  five  of  the  spaces  of  one  twenty-four  hundredth  of 
an  inch  as  ruled ;  the  difficulty  of  the  measurement  of  so  faint  lines, 
as  well  as  the  fear  of  incurring  a  return  of  a  certain  slight  difficulty 
with  one  of  my  eyes,  from  which  recovery  was  not  then  complete,  led 
me  thus  to  abridge  this  part  of  the  work.  It  is  to  be  regretted  that 
this  plate  was  not  taken  in  hand  earlier. 

The  figures  in  the  columns  of  individual  and  accumulated  errors 
represent  millionths  of  an  inch  composed  of  twenty-four  revolutions 
of  the  screw  of  Mr.  Rogers's  ruling  engine.  But  in  the  case  of  the 
fourth  plate  they  represent  hundred-thousandths  of  a  millimetre  of  a 
similar  standard. 
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XIII. 

ON    THE    LIMITS    OF    ACCURACY    IN    MEASUREMENTS 
WITH  THE  TELESCOPE  AND  THE  MICROSCOPE. 

Bt  Professor  William  A.  Rogers. 
Presented  Oct.  9,  1878. 

It  is  often  desirable  in  astronomical  observations  to  assign  to  a 
given  result  the  degree  of  precision  which  the  observations  will 
justify.  Usually  the  limit  of  precision  is  defined  either  by  the  proba- 
ble error  of  a  single  observation,  or  of  the  mean  of  a  given  number  of 
observations. 
Let 

x  =  any  given  numerical  value. 
n  =  the  number  of  values  of  x. 

v  =  the  difference  between  each  value  of  x  and  the 
arithmetical  mean  of  all  the  values. 
[y]  =  the  sum  of  the  separate  residuals,  without  regard 
to  sign, 
r  =  the  probable  error  of  a  single  value. 
r0  =  the  probable  error  of  the  arithmetical  mean. 

We  shall  then  have,  — 


ro 


=  .67^/    M 

y  m{m  —  1) 


Or,  according  to  Peters,  — 

r  =  .8453         W 

0  mVlw  — 1) 
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As  an  illustration,  we  assume  the  following  values  of  xy  without 
defining  their  signification :  — 


X 

V 

vv 

II 

ii 

ii 

61.70 

4-    .06 

4-    .02 

61.60 

+    .26 

+    .06 

60.90 

+    .86 

+    .72 

61.70 

+    .06 

4-    .02 

61.80 

+    .46 

4-    .20 

61.20 

4-    .66 

+    .30 

60  80 

+    .96 

-4-    .90 

61.90 

—    .16 

4-    .02 

61.60 

+    .16 

+    .08 

61.60 

4-    .26 

4-    .06 

62.80 

—  1.06 

4-1.10 

62.70 

—    .96 

4-    .90 

60.80 

4-    .96 

4-    .90 

61.30 

+    .46 

4-    .20 

63.00 

—  1.26 

4-1.66 

61.10 

+    .66 

4-    .42 

68.90 

—  2.16 

4-4.62 

Mean,  61.76 

From  equations  (a)  we  have,  — 

r  =  ±  .6745*/^  =  ±:  .585" 

^  =  ±.6745^^=^.142" 

And  from  equations  (&), — 

.    .8458X11.15 ,     r71„ 

r  =  ±  —  . ±  .0/ 1 

Vl7  X  16 

r0  =  =b  •8463  x  "—  =  =b  .139" 
17  VlO 

If  we  reject  the  last  value  of  x,  viz.  63". 90,  we  have :  — 

From  (a),—  // 

r  =  zb  .474 

r0  =  =fc  .119 
From  (b),  — 

r  =  zb  .491 
r0  =  =b.l23 

Let  us  now  inquire  what  interpretation  can  be  safely  given  to  these 
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values  of  r  and  r0,  and  what  conclusions  can  be  drawn  therefrom  con- 
cerning the  precision  of  x. 

First,  it  will  he  seen  that  the  two  formulae  do  not  give  pre- 
cisely the  same  results,  and  the  relation  between  the  results  is  changed 
by  rejecting  one  apparently  discordant  observation.  The  difference 
is,  however,  insignificant  when  compared  with  the  actual  error  of 
observation.  In  general,  the  agreement  will  be  more  perfect  the 
greater  the  number  of  values  of  x. 

Second,  it  is  obvious  that  if  for  x  we  write,  x  ±  a  constant,  the 
values  of  v  will  not  be  thereby  changed ;  hence  the  values  of  r  and  r0 
will  give  no  indication  whatever  with  reference  to  the  existence  of  any 
constant  error  involved  in  the  values  of  x. 

Admitting,  then,  that  there  is  no  constant  error  in  the  given  series, 
what  degree  of  precision  can  be  assigned  to  any  single  value  of  xy  and 
to  the  mean  value  61  ".75  ? 

It  would  hardly  seem  necessary  to  call  attention  to  the  erroneous 
assumption  that,  since  the  value  of  r  is  ±  .57",  therefore  no  single 
value  can  be  greater  than  62".32,  nor  less  than  61".  18;  or  that  since 
r0  is  ±  -14",  therefore  the  value  61".75  is  true  within  this  limit.  The 
refutation  of  the  first  assumption  is  made  sufficiently  easy  by  an  ex- 
amination of  the  separate  values  of  x,  but  it  is  not  quite  so  easy  to 
show  the  fallacy  of  the  second. 

Notwithstanding  the  absurdity  of  attempting  to  assign  to  the  arith- 
metical mean  the  degree  of  precision  indicated  by  the  value  of  r0, 
observers  of  limited  experiences  are  continually  found  doing  this,  and 
the  writer  recalls  two  instances  in  which  professional  astronomers  have 
committed  themselves  to  the  same  fallacy. 

In  general,  it  is  entirely  unsafe  to  draw  conclusions  with  respect  to 
the  degree  of  precision  to  be  attached  to  the  arithmetical  mean  from 
the  magnitude  of  the  probable  error,  until  the  signification  of  the 
values  from  which  it  is  derived  is  defined. 

If  the  values  of  x  are  found  by  successive  readings  of  the  four 
microscopes  of  a  meridian  circle  for  the  same  position  of  the  telescope, 
the  separate  values  are  simple  functions  of  the  quantity  required,  and 
involve  only  the  accidental  errors  of  the  observer,  either  in  making 
the  bisections  of  the  divisions  of  the  circle,  or  in  reading  the  index 
of  the  micrometer  screws.  In  this  case  the  probable  error  of  the 
mean  is  a  tolerably  accurate  indication  of  the  degree  of  precision 
which  may  be  attached  to  it. 

But  the  values  of  x  given,  represent  the  observed  index  errors  of 
the  meridian  circle  of  Harvard  College  Observatory,  as  derived  from 
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separate  fundamental  stars,  observed  January  5,  1872.  They  are 
given  on  page  xxiii.,  Vol.  X.,  of  the  Annals  of  the  Observatory.  Here 
a;  is  a  complex  function.  It  involves  not  only  the  error  of  reading  the 
microscopes,  but  several  other  classes  of  errors.  They  may  be  enu- 
merated as  follows :  — 

Errors  depend-  r  (0)  Error  of  reading  microscopes, 
ing    on    the  < 
observer.        I  W  Error  of  bisection  of  the  star  observed,  or  its  equivalent 

(c)  Errors  of  graduation  of  the  circle,  both  accidental  and  sys- 
tematic 

(d)  Error  depending  on  the  micrometer  screws  of  microscopes. 

(e)  Error  due  to  the  flexure  of  the  instrument 
(/)  Error  due  to  an  imperfect  figure  of  the  pivots. 
(g)  Error  resulting  from  a  change  in  the  position  of  the  in- 
strument during  the  observations. 

(h)  Error  resulting  from  an  erroneous  place  of  the  funda- 
mental star  observed. 

(i)  Error  depending  on  the  state  of  the  atmosphere,  including 
the  constant  of  refraction,  imperfect  thermometers,  ba- 
rometers, &c. 


Errors  depend- 
ing   on    the  « 
instrument. 


Errors      inde- 
pendent   of 
the  observer  « 
and  of   the 
instrument. 


In  this  case,  then,  one  must  place  quite  a  different  interpretation 
upon  the  probable  error  of  the  mean  value.  In  fact,  the  only  safe 
interpretation  that  can  be  given  to  it,  is  the  one  which  regards  it  as  a 
means  of  comparing  observations  made  by  different  observers  under 
nearly  the  same  conditions  and  in  the  same  manner. 

This  subject  may  be  considered  in  another  way.  It  is  a  property 
of  the  arithmetical  mean  that  it  makes  the  sum  of  the  squares  of  the 
residuals  a  minimum.  The  solution  of  a  greater  number  of  equations 
than  the  unknown  quantities  which  they  contain,  by  the  process  of 
least  squares,  rests  upon  the  same  basis ;  viz.  that  such  values  must 
be  given  to  the  unknown  quantities  as  will,  when  substituted  in  the 
original  equations,  make  the  sum  of  the  squares  of  the  residuals  a 
minimum.  Theoretically,  any  unknown  quantity  may  be  made  equal 
to  a  constant  plus  the  sum  of  all  the  corrections  which  make  up  this 
quantity.     We  may  always  have 

X=  C  +  Aa  +  Bb+  Cc  +  Ddy&c 

The  only  limit  to  the  number  of  terms  is  the  one  which  requires 
that  the  coefficients  A,  B,  Cy  D,  &c  shall  be  known.  The  solution  of 
a  series  of  equations  of  this  form  will  give  the  most  probable  values  of 
the  constant  C9  and  of  the  unknown  quantities  a,  b,  c,  rf,  &&,  provided 
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x  h  a  simple  function;  bat  if  x  is  a  complex  function  the  solution  will 
bo  longer  give  the  true  values  of  the  separate  unknown  quantities, 
though  it  may  yield  such  values  as  will  give  the  most  probable  sum  of 
Aa,  Bb,  Ccj  Dd,  &c..  with  respect  to  their  effect  upon  x. 

Let  us  take,  as  an  illustration,  the  ordinary  equation  for  the  redac- 
tion of  transit  observations.  The  fundamental  equation  may  be  put 
under  the  following  variety  of  forms :  — 

(a)  0  =  AT-j-[r-E.A.]  +  ^la 

(b)  =AT+fr-R.A.]4-^«  +  ^* 

(c)  =  AT  +  [T-R.A.]+Aa  +  Bb  +  Cc 

(d)  =±T  +  [T0-R.X.']  +  Th  +  Aa  +  Bb+Cc 

(e)  =±T+[T0-R.A.]  +  Th  +  Aa  +  Bb+Cc+DJ 

(/)     =  AT+[T0-RJL02  + %*+**  + A"  +  Bh  +  Cc  +  Dd 

If  the  level  b  and  the  collimation  c  are  obtained  independently  of 
the  observations  by  direct  measures,  then,  neglecting  the  small  terms 
which  follow,  for  any  time,  T,  and  with  the  given  right  ascension, 
R.  A*,  the  only  unknown  quantities  in  equation  (a)  are  the  clock 
error  AT  and  the  azimuth  term  A  a.  A  solution  of  a  series  of 
equations  of  this  form  will  give  the  most  probable  individual  values 
of  a  and  AT. 

If  the  level  term  Bb\%  unknown,  the  general  equation  takes  the 
form  (b).  Notwithstanding  the  fact  that  the  equation  is  somewhat 
more  complex  in  its  structure,  the  solution  by  least  squares  will  give 
the  most  probable  individual  values  of  a  and  &,  if  the  stars  are  selected 
with  reference  to  a  proper  distribution  of  positive  and  negative  values 
bar  A  and  B. 

If  the  collimation  term  Ce  is  unknown,  the  equation  takes  the  form 
(c).  Here  a  solution  by  least  squares  will  not  give  the  most  probable 
individual  values  of  a,  b,  and  i,  unless  the  observations  are  arranged 
with  proper  reference  both  to  the  magnitude  and  the  sign  of  A,  2?, 
and  C.  Even  when  these  precautions  are  observed,  the  value  of  c  from 
the  solution  will  rarely  agree  exactly  with  the  value  obtained  from 
reversal  or  from  collimators. 

If,  lor  asy  star,  the  observed  time  T  is  written  T0  -{-  r  A,  the  term 
xk  being  the  hourly  rate  of  the  dock  multiplied  by  the  interval  r 
between  7*  and  7^  the  equation  takes  the  form  (d).  We  now  intro- 
duce an  unknown  quantity  depending  on  another  instrument,  viz.  the 
dock. 
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We  may  still  farther  introduce  the  term  D  ^.representing  the  diur- 
nal aberration,  giving  the  form  (e),  and  by  substituting  R.  A^  -\-  E  e 
for  R.  A.  where  E  e  represents  a  term  depending  on  2  * ,  we  get 
the  form  (/). 

Finally,  if  we  represent  by  the  constant  C  the  personal  equation 
between  bright  and  faint  wires,  bright  and  faint  stars,  &o,  we  hare 
the  form  (g). 

Of  course  it  is  wholly  absurd  to  introduce  the  terms  Dd9  Ee,  and 
C  as  unknown  quantities,  and  these  forms  are  given  only  to  show  that 
one  must  exercise  sound  judgment  in  the  formation  of  the  equations 
in  order  that  the  solution  by  least  squares  shall  give  correct  results. 
It  is  useless  to  expect  that  the  solution  will  separate  errors  which 
appertain  to  different  instruments.  For  example,  in  form  (g)  it  would 
seem  hardly  necessary  to  say  that  the  solution  will  entirely  fail  in 
assigning  to  the  telescope  the  correct  values  of  a,  b,  and  c;  to  the  clock, 
the  true  values  of  AT  and  r  %  to  yield  the  physical  constant  which 
enters  into  the  diurnal  aberration,  and  the  coefficient  which  results 
from  the  variable  motion  of  the  moon ;  and  to  refer  to  the  observer  the 
constant  which  involves  the  various  forms  of  personal  equation.  Yet, 
according  to  the  common  acceptation  of  the  theory,  this  form  of 
the  equation  is  allowable,  since  all  the  unknown  quantities  have 
known  coefficients. 

Again,  as  soon  as  the  equation  involves  unknown  quantities  which 
pertain  to  different  instruments,  it  becomes  so  complex  in  its  character 
that  we  can  no  longer  assume  that  even  the  sum  of  the  terms  which 
affect  AT  is  the  most  probable  value  that  can  be  found,  for  in  so 
doing  we  assume  that  AT  is  a  constant,  whereas  the  solution  requires 
it  to  be  a  variable. 

Let  us  now  inquire  how  far  these  views  are  confirmed  by  the  facts 
of  observation. 

In  my  own  case,  the  probable  error  of  a  single  reading  of  four 
microscopes  of  the  meridian  circle  is  ±.094".  If,  therefore,  as  many 
as  10  observations  are  obtained,  the  probable  error  of  the  mean  will 
be  not  far  from  ±.03".  The  probable  error  of  a  single  difference 
between  myself  and  my  assistant,  Mr.  Joseph  F.  MacCormick,  is  for 
a  single  reading  of  four  microscopes  ±.125". 

The  probable  error  of  a  single  complete  observation  in  declination 
is,  in  my  own  case,  about  ±.36",  and  of  the  mean  of  10  observations 
is  ±.11".  The  probable  error  of  a  single  complete  observation  in 
right  ascension  is,  for  an  equational  star,  ±.026*  and  for  the  mean  of 
10  observations  ±.008*. 
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If,  therefore,  the  probable  error  can  be  taken  as  a  measure  of  the 
accuracy  of  the  observations,  there  ought  to  be  no  difficulty  in  obtain- 
ing, from  a  moderate  number  of  observations,  the  right  ascension 
within  .02s*  and  the  declination  within  0".2.  Yet  it  is  doubtful,  after 
continuous  observations  in  all  parts  of  the  world  for  more  than  a  cen- 
tury, if  there  is  a  single  star  in  the  heavens  whose  absolute  co- 
ordinates are  known  within  these  limits.  In  1866  the  illustrious 
Argelander  proposed  a  list  of  stars  for  simultaneous  observation  by 
different  observers,  for  the  purpose  of  investigating  the  systematic 
differences  which  he  found  to  exist  in  all  modern  catalogues.  This 
scheme  was  carried  out  only  to  a  limited  extent  But  in  1878  the 
fortunate  requirements  of  a  special  problem  secured  data  which  will 
go  far  towards  the  establishment  of  the  existence  of  these  errors,  even 
with  the  present  methods  of  refinement  in  observation,  if  indeed 
they  do  not  for  the  present  reveal  their  cause. 

During  that  year  Mr.  David  Gill,  recently  appointed  Director  of  the 
Cape  of  Good  Hope  Observatory,  solicited  the  co-operation  of  astron- 
omers in  determining  the  co-ordinates  of  28  stars,  which  he  used  in 
his  heliometer  observations  of  the  planet  Mars  for  obtaining  the  solar 
parallax.  The  observatories  named  below  made  the  observations 
required,  which  were  forwarded  to  Mr.  Gill  upon  the  completion  of 
the  reductions.  The  results  are  published  in  Vol.  XXXIX.,  page  99, 
of  the  Monthly  Notices  of  the  Royal  Astronomical  Society. 

In  the  following  table  are  given  the  differences  between  the  least 
and  the  greatest  results  for  each  star,  both  in  right  ascension  and  in 
declination. 


Stab. 

Aa 

Ad 

Star. 

Aa 

Ad 

Star. 

Aa 

A* 

1 

0.189 

lft 

10 

0.460 

2& 

19 

0.242 

8ft 

2 

.169 

2.04 

11 

.287 

1.77 

20 

.333 

2.70 

3 

.377 

2.63 

12 

.077 

1.74 

21 

.220 

2.16 

4 

.098 

2.57 

13 

.350 

1.80 

22 

.283 

2.31 

6 

.224 

2.04 

14 

.263 

2.34 

23 

.200 

1.77 

6 

.166 

1.86 

15 

.270 

1.80 

24 

.203 

2.78 

7 

.193 

3.47 

16 

.183 

1.86 

25 

.219 

1.02 

8 

.190 

1.93 

17 

.225 

3.47 

26 

.207 

2.06 

0 

.300 

3.15 

18 

.287 

1.37 

27 
28 

.298 
.264 

2.57 
2.47 

Even  after  the  observations  were  reduced  to  a  homogeneous  system, 
Mr.  GUI  finds  the  following  outstanding  errors :  — 
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AlTTHOBITT. 

Aa 

A3 

Authority. 

Aa 

Aa 

Konigaberg, 

+.006 

-oil 

Leiden, 

—.063 

-4>.fo 

Melbourne, 

+.026 

—0.49 

Parii, 

+.066 

+0.01 

Pulkowa, 

+.006 

+0.86 

Washington, 

—.120 

+0.78 

Leipzig, 

+.049 

+0.40 

Harvard  College, 

—.072 

+0X)9 

Greenwich, 

+.009 

—0.66 

Cordoba, 

—.082 

—0.20 

Berlin, 

+.044 

+0.67 

Oxford, 

+.076 

+0.21 

These  systematic  discordances,  especially  in  right  ascension,  are  so 
alarmingly  large  that,  unless  they  can  be  reconciled,  the  heliometer  ob- 
servations are  comparatively  worthless.  Mr,  Gill,  therefore,  proposed 
a  second  list  of  12  stars,  one  half  comparatively  bright  and  the  other 
half  faint.  The  observations  of  these  stars  are  now  completed,  but 
the  only  series  yet  at  hand,  are  those  of  Konigsberg  and  Harvard 
College.  Here  the  discordance  is  very  large,  and  varies  with  the  mag- 
nitude of  the  star  observed.  Professor  Pickering,  the  Director  of 
Harvard  College  Observatory,  early  in  this  investigation,  proposed 
the  artificial  reduction  of  the  magnitude  of  the  bright  stars  by  holding 
circular  diaphragms  of  varying  diameters  in  front  of  the  object-glass 
of  the  telescope.  By  alternating  between  bright  and  faint  images  of 
the  same  star,  on  different  groups  of  the  transit  threads,  the  personal 
equation  between  bright  and  faint  stars  can  be  found.  This  plan  was 
followed  in  the  investigation  at  Harvard  College  Observatory,  at 
Leiden,  and  probably  at  some  other  observatories.  At  Harvard  Col- 
lege Observatory,  also,  a  sensible  difference  was  found  between  results 
obtained  with  bright  and  faint  fields  of  the  telescope,  this  difference 
varying  with  the  magnitude  of  the  star. 

A  similar  investigation  is  now  being  made  in  another  class  of  obser- 
vations, viz.  the  measurement  of  the  position  angle  and  distance  of 
double  stars  with  the  filar-micrometer.  The  range  of  systematic  dis- 
cordances between  the  measures  of  different  observers  is  of  course  here 
far  less  than  will  always  be  found  in  the  determination  of  position  in 
space,  for  such  observations  are  entirely  relative  in  their  character ;  but 
the  outstanding  errors  are  still  so  large  as  to  demand  a  special  in- 
vestigation. Even  with  observers  of  skill  and  long  experience,  such 
as  Struve,  Hall,  Dembowski,  Burnham,  and  Stone,  there  are  residual 
errors  in  the  measurements  of  the  same  components  far  exceeding  the 
limits  indicated  by  the  magnitude  of  the  probable  error  of  any  single 
observer. 

Finally,  it  is  even  an  open  question  whether  any  real  advance  hat 
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Been  made  in  the  absolute  precision  of  observations  with  the  telescope 
for  the  last  forty  years,  if  we  except  the  tentative  investigations  of  the 
last  ^ve  or  six  years.  Argelander's  Abo  Catalogue  of  1830,  and 
(he  Pulkowa  Catalogue  of  1 845,  are  as  yet  pre-eminent  for  that  kind 
of  accuracy  which  answers  to  the  crucial  test  of  agreement  with 
future  observations^  After  a  lapse  of  nearly  fifty  years,  Argelander's 
positions  of  the  thirty-six  stare  known  as  the  "Maskelyne  funda- 
mental stars  "  are  at  least  as  near  the  truth  as  the  mean  of  the  obser- 
vations of  these  stare  made  during  the  last  ten  years. 

The  great  need  of  instrumental  astronomy  is  a  rigid  investigation 
of  all  the  classes  of  error  to  which  observations  are  now  subject,  not 
simply  for  any  one  observer,  but  for  all  the  principal  observers  of  the 
world,  and  upon  a  common  plan.  If  some  competent  and  recognized 
authority,  like  the  Astronomischen  GeseUschafi,  would  arrange  a 
scheme  of  observations  having  this  object  in  view,  and  take  measures 
to  secure  the  co-operation  of  all  the  principal  observatories  in  this 
work,  it  would  seem  that  the  foundation  for  a  real  advance  might  be 
made  in  the  precision  with  which  observations  can  be  made. 

In  the  investigation  which  follows  I  have  endeavored  to  ascertain 
the  limits  of  accuracy  in  measurements  with  the  microscope  by  a 
process  similar  to  that  by  which  observers  with  the  telescope  are  now 
seeking  to  reach  the  ultimate  limit  of  precision.  The  remarks  already 
made  with  regard  to  the  degree  of  reliability  to  be  attached  to  con- 
clusions drawn  from  the  magnitude  of  the  probable  errors  of  observa- 
tion apply  with  equal  force  to  measures  made  under  the  microscope* 
Neither  the  probable  error  of  a  single  observation  nor  the  probable 
error  of  the  mean  of  a  given  number  of  observations  furnishes  a  safe 
criterion  by  which  the  real  measure  of  accuracy  may  be  estimated. 
For  example,  with  the  comparator  for  short  lengths  described  in  the 
April  number  of  the  American  Quarterly  Microscopical  Journal,  it 
is  the  experience  of  the  writer  that,  in  an  unlimited  number  of 
repetitions  of  measures  of  the  same  space,  the  pointer  will  in  every 
case  fall  upon  the  same  tenth  of  a  division  of  the  index  of  the  screw. 
Hence,  if  the  readings  are  taken  to  tenths  only,  the  resulting  probable 
error  will  always  be  zero,  without  regard  to  the  value  of  one  division. 
In  this  particular  instrument  the  value  of  one  tenth  of  one  division  is 
one  eighty-thousandth  of  an  inch,  but  the  probable  error  would  still 
remain  zero  if  the  readings  were  carried  to  tenths  of  one  division  only 
for  any  change  whatever  in  the  pitch  of  the  screw,  and  consequently 
for  any  reduction  in  the  value  of  one  division,  provided  the  pointer 
always  falls  within  this  tenth. 
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The  probable  error  of  a  single  measure  with  the  comparator  for 
short  lengths  is  about  two  milliouths  of  an  inch.  If  the  probable 
error  can  be  taken  as  a  measure  of  precision,  it  ought  not  to  be  diffi- 
cult to  measure  one  millionth  of  an  inch  with  entire  certainty  by 
repeating  the  measures  a  sufficient  number  of  times. 

Let  us  see  if  this  theoretical  accuracy  is  attainable..    Before  pro- 
ceeding to  the  discussion,  it  may  be  worth  while  to  say  that  a  sharp 
distinction  must  be  drawn  between  absolute  accuracy  and  a  superficial 
appearance  of  accuracy.     If  I  determine  the  value  of  a  centimeter 
within  one  ten-thousandth  of  its  whole  length,  I  can  use  the  equivalent 
expression,  one  millionth  of  a  meter ;  but  it  does  not  follow  that  I  can 
measure  a  meter  within  this  limit.     I  say  that  a  given  space,  cor- 
responding to  one  thousandth  of  an  inch,  requires  a  correction  of  one 
millionth  of  an   inch;   but  it  makes   a  wide  difference   whether  I 
ascertain  this  fact  by  direct  measurement,  or  whether  I  get  it  by  divid- 
ing the  correction  for  an  entire  inch  by  one  thousand.    Extending  the 
number  of  figures  in  the  quotient  does  not  give  a  corresponding  in- 
crease of  accuracy.    The  index  of  the  screw  of  my  dividing  engine  can 
be  set  to  correspond  to  a  motion  of  one  billionth  of  an  inch  with 
entire  certainty  as  far  as  the  mechanical  indication  of  this  degree  of 
accuracy  is  concerned ;  yet  previous  to  May,  1877,  the  actual  errors  of 
a  given  ruled  plate  amounted,  under  certain  conditions,  to  as  much  as 
one  seven-thousandth  of  an  inch.     Even  now,  after  four  epochs  of 
improvement,  I  can  hardly  say  of  a  given  space  that  it  is  certainly  true 
within  one  eighty-thousandth  of  an  inch  until  a  careful  investigation 
has  been  made  with  the  comparator.     Again,  it  does  not  follow  that, 
because  the  spaces  of  a  closely  ruled  band  of  lines,  like  Nobert's  bands, 
appear  to  be  equal  under  an  objective  of  high  power,  they  are  there- 
fore to  be  taken  as  the  measure  of  the  real  accuracy  of  the  gradua- 
tions.    It  is  far  more  difficult  to  subdivide  an  inch  into  one  hundred 
equal  parts,  than  to  make  a  further  subdivision  of  one  of  these  parts. 
As  I  shall  presently  show,  almost  all  of  the  errors  of  a  given  gradua- 
tion are  periodic  in  their  character,  but  the  increments  proceed  by 
such  minute  variations  in  the  case  of  closely  ruled  bands  that  they  can 
only  be  detected  when  their  sum  amounts  to  an  appreciable  quantity. 
Thus,  if  the  accumulated  error  of  a  screw  having  a  pitch  of  one  in 
twenty  amounts  to  one  two-thousandth  of  an  inch  for  half  a  revolution 
of  the  index,  the  average  periodic  error  for  each  two-thousandth  of 
an  inch  will  be  one  hundred-thousandth  of  an  inch.     It  will  thus  be 
seen  that,  for  even  the  first  of  Nobert's  bands,  which  are  about  ten 
thousand  to  the  inch,  the  systematic  error  for  any  single  space  is  inap- 
vol.  xiv.  (h.  s.  vi.)  12 
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preciable.  But  even  in  this  case,  only  ten  increments  are  required  in 
order  to  produce  an  error  of  measurable  magnitude. 

A  simple  and  direct  way  to  determine  the  degree  of  precision  with 
which  measures  under  the  microscope  may  be  made,  is  to  compare 
measurements  of  the  same  space  made  by  different  observers  and 
under  different  conditions.  I  may  get  results  which  show  an  agree- 
ment inter  se  quite  within  the  limits  of  the  accuracy  required,  but 
which  are  yet  wide  of  the  truth.  But  if  another  equally  skilful 
observer  obtains  substantially  the  same  results  from  a  series  of  meas- 
urements made  under  entirely  different  conditions,  the  inference  of 
their  general  correctness  may  be  drawn  with  tolerable  safety. 

In  carrying  forward  this  investigation  I  was  fortunate  in  securing 
the  co-operation  of  Professor  Edward  W.  Morley,  of  Hudson,  Ohio, 
whose  paper  will  be  found  on  page  164  of  this  volume  of  the  Proceed- 
ings. 

The  rulings  selected  for  joint  measurement,  are  described  as  fol- 
lows :  — 

Plate  I.  consists  of  eight  bands.  The  first  three  bands  are  composed 
of  twenty-six  lines  each.  The  distance  between  the  lines  is  ^fo  of 
an  inch.  The  remaining  five  bands  are  composed  of  twenty-one  lines 
each,  the  distance  between  the  lines  being  v^  of  an  inch.  All  the 
rulings  of  this  plate  involve  the  periodic  errors  which  belong  to  the  nil' 
ing  screw. 

Plate  II.  consists  of  three  bands  of  very  heavy  lines,  each  band 
being  composed  of  twenty-six  lines.  The  interval  between  the  lines 
is  the  same  as  in  the  corresponding  three  bands  of  Plate  I.  The 
lines  are  filled  with  graphite  and  are  mounted  in  balsam.  In  this  plate 
the  errors  which  are  a  function  of  one  revolution  of  the  screw  were 
corrected  during  the  process  of  ruling. 

Plate  III.  consists  of  101  lines,  separated  by  an  interval  of  sV&v 
of  an  inch,  and  freed  as  nearly  as  possible  from  errors  of  all  kinds. 

Plate  IV.  consists  of  21  lines,  separated  by  an  interval  of  J$mmm, 
corrected  for  systematic  errors. 

The  results  given  in  the  following  tables  under  the  head  "  Corr." 
represent  the  corrections  which  must  be  applied  to  each  space  of  a 
given  band  in  order  to  make  it  equal  to  a  mean  of  all  the  spaces. 
They  are  expressed  in  millionth*  of  an  inchy  except  in  Plate  IV.,  in 
which  the  unit  is  one  hundred-thousandth  of  a  millimeter.  The  results 
gftlfc  under  the  head  2  represent  the  accumulated  errors  reckoned 
from  the  first  line  of  each  band.  In  Plate  I.  the  values  given  were 
formed  by  successive  additions  of  the  individual  errors.     In  Plates  II., 
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III.,  and  IV.,  the  values  in  column  2  were  obtained  by  measuring  the 
accumulated  errors  directly  with  the  comparator  for  short  length*,  and 
the  individual  errors  were  found  by  successive  subtractions. 

The  first  band  of  Plate  I.  was  measured  with  great  care  with  a 
filar-micrometer  made  by  Powell  and  Leland,  with  a  glass  eye-piece 
micrometer,  with  a  comparator  screw  by  Merz  of  Munich,  and  with 
tike  Clark  screw  mentioned  above.  The  results  from  the  Clark  screw 
are  somewhat  discordant,  as  they  were  obtained  before  the  instrument 
was  fairly  completed.  They  are,  however,  taken  into  account  on  the 
principle  adopted  of  including  every  measure  taken.  The  values  of 
Plate  III.  were  found  by  taking  the  mean  of  the  accumulated  errors 
of  each  successive  group  of  five  spaces,  measured  directly  with  the 
Clark  comparator  for  short  lengths.  The  separate  results  given 
under  the  first  and  fourth  bands  of  Plate  I.  are  given  for  the  purpose 
of  deducing  the  probable  error  of  observation.  They  are  not  simple 
repetitions  of  measure*  made  at  one  time.  Each  column  refers  to  a 
different  date.  As  the  different  sets  of  measures  were  only  brought 
together  from  the  note-books  after  all  the  work  was  done,  I  had  no 
previous  knowledge  of  the  degree  of  agreement  to  be  expected  from 
separate  measures  of  the  same  space.  In  fact,  the  comparison  was 
made  for  the  first  time,  soon  after  receiving  the  results  communicated 
by  Professor  Morley. 
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From  a  comparison  of  the  separate  values  obtained  by  myself  and 
by  Professor  Morley,  the  following  conclusions  are  drawn :  — 

(a)  By  comparing  the  separate  values  of  Bands  I.  and  IV.  of 
Plate  I.,  obtained  with  the  eye-piece  micrometer,  with  the  corre- 
sponding mean  values,  the  average  probable  error  of  the  measure  of 
a  single  space  is  found  to  be  19  ten-millionths  of  an  inch,  the  great- 
est deviation  from  the  mean  in  156  measures  being  8  million  ths  of 
an  inch. 

(6)  Comparing  with  the  mean  value,  the  separate  results  obtained 
with  the  eye-piece  micrometer,  the  Merz  screw,  and  the  filar  microm- 
eter, from  the  first  and  fourth  bands  of  Plate  I.  we  find  the  follow- 
ing average  deviations :  — 

For  the  eye-piece  micrometer,  17  ten-mill ionths  of  an  inch. 
For  the  Merz  screw,  25  ten-millionths  of  an  inch. 

For  the  filar  micrometer,  18  ten-millionths  of  an  inch. 

(c)  Comparing  the  measures  of  the  separate  spaces  made  by  Pro- 
fessor Morley  with  my  own,  made  in  the  first  band  of  Plate  I.  with 
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the  eye-piece  micrometer,  the  Merz  screw,  and  the  filar-micrometer, 
and  in  the  remaining  bands  of  this  plate  with  the  eye-piece  microme- 
ter only,  we  find  the  following  deviations  expressed  in  millionths  of 
an  inch :  — 

Number  of  miffionthi,  012846678    9  101112 

Number  of  cases  of  agreement,  16  80  89  24  16  17  13    8    2    8    4    2    2 

The  mean  deviation  is  34  ten-millionths  of  an  inch. 

(d)  Comparing  the  accumulated  errors  of  the  middle  point  obtained 
by  Professor  Morley  and  by  myself,  we  have :  — 


Plate  I. 


Plate 


Plate  IH 


Band. 

Rogers. 

Morley. 

B.-M 

1 

—197 

—174 

—23 

2 

—232 

—218 

—14 

8 

—230 

—204 

—26 

4 

—181 

—177 

—  4 

5 

—219 

—211 

—  8 

6 

—199 

—199 

+  o 

7 

—224 

—233 

+  9 

8 

—213 

—237 

+24 

1 

—  23 

—  19 

—  4 

2 

—  14 

—  53 

+39 

3 

—    2 

—  23 

+21 

—    7 


+  31 


—38 


The  numerical  value  of  the  average  deviation  is  therefore  17  mil- 
lionths of  an  inch.  It  is  to  be  noted,  however,  that  only  the  bands  of 
Plate  I.  are  strictly  comparable,  since  these  only  were  obtained  in  the 
same  way,  viz.  by  successive  additions.  The  values  for  Plates  II. 
and  III.,  it  will  be  remembered,  were  obtained  in  my  own  case  by 
direct  measurement,  in  which  the  degree  of  accuracy  may  be  taken  as 
nearly  equal  to  that  of  the  measure  of  any  individual  space,  while 
those  of  Professor  Morley  were  obtained  by  direct  addition,  in  which 
case  an  error  at  any  point  is  carried  through  the  whole  of  the  remain- 
ing series. 

(e)  In  explanation  of  the  disagreement  in  the  maximum  values  of 
the  accumulated  errors,  even  in  the  bands  of  Plate  I.,  which  were 
ruled  at  the  same  time,  it  is  to  be  said  that  the  graduation  was  done 
before  I  had  learned  the  necessity  of  dispensing  with  oil  or  grease  as 
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a  lubricant  Without  doubt,  a  part  of  the  discordance  is  due  to  errors 
of  measurement,  but  recent  experience  has  convinced  me  that,  when 
oil  is  used  as  a  lubricant,  every  precision-screw  has  a  variable  periodic 
error,  depending  on  the  position  of  the  nut  in  the  line  of  its  motion, 
especially  when  there  is  a  decided  change  of  temperature.  It  is  suffi- 
cient to  say  here,  that,  since  adopting  a  substitute  for  oil,  the  errors  of 
the  screw  have  remained  practically  constant. 

(/)  It  will  be  seen  from  simple  inspection  that  nearly  all  of  the 
errors  under  discussion  are  periodic  in  their  character.  This  may  be 
shown  conclusively  in  the  following  way  :  — 

If  we  have  a  series  of  errors  depending  on  one  revolution  of  the 
screw,  which  are  strictly  periodic  in  their  character,  and  from  which 
all  accidental  errors  are  excluded,  the  given  series  can  be  represented 
exactly  by  a  series  of  equations  of  the  form,  — 

n  =  -\- a  sm  x  -\- b  <x>8  x  -\-  a?  sin  2x-j-6/  cos  2  x>  &c  ; 

in  which 

n  represents  any  given  value  of  the  series  ; 

a:  is  an  aliquot  part  of  one  revolution  of  the  screw ; 

a,  b,  a*,  ft,  are  unknown  coefficients. 

If,  therefore,  an  expression  of  this  form  is  found  which  will  repre- 
sent all  the  given  errors  of  a  series,  it  may  be  safely  affirmed  that  the 
errors  themselves  are  entirely  periodic  in  their  character. 

Making  n  equal,  successively,  to  the  mean  of  the  values  of  the  in- 
dividual errors  of  spaces  1,  2,  3,  &c.  of  the  first  three  bands  of  Plate  I., 
we  have  a  series  of  equations  whose  solution  by  least  squares  will  give 
the  normal  equation, 

n  =  —  26.6  sin  x  -j-  5.9  cos  x  —  0.1  sin  2  x  -f-  0.8  cos  2  x. 

In  like  manner  we  get  from  the  mean  of  (he  separate  values  of 
Bands  IV.,  V.,  VI.,  VII.,  VIII.  of  the  same  plate, 

n  =  —  29.1  sin  x  -f-  9.9  cos  x  —  2.0  sin  2  x  -j-  1.3  cos  2  x. 

Substituting  in  these  equations  the  known  values  of  x,  we  get 
values  of  n  which  are  directly  comparable  with  the  observed  values 
given  in  the  tables.  The  observed  and  the  computed  values  are  given 
in  the  following  table,  as  well  as  the  deviations  of  both  the  individual 
and  the  accumulated  errors  from  the  computed  values. 
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Plate  ] 

i 

[.  —  BA2CD8  L,  II.,  III. 

PlateI.— BajcdsIV.,V.  VI 

• 

.,vii.,vin 

Individual  Errors. 

i 
Accumulated  Errors. 

Individual  Errors. 

Accumulated  Errors. 

• 

is 

il 

A 

i 

i 

1 

A 

1? 

C  9 

A 

i 

1 

i 

0 

A 

A 

—  i 

+  o 

—1 

—    1  ■ 

+    0 

— 1 

+  7 

+  1 

+6 

+    7 

+    1   +6 

—  9 

—  8 

—1 

—  10  - 

-    8  — 2  ! 

—11 

—  9 

—2 

—    4 

—    8+4 

—18 

—14 

— 4 

—  28  - 

-  22  — 6  1 

—16 

—18 

+2 

—  20 

—  26   +6 

-19 

—19 

+0 

—  47  - 

-  41  — 6| 

—26 

—26 

+0 

—  47 

—  62   +5 

—23 

—24 

+1 

—  70- 

-  66  -6 

—84 

—31 

—8 

—  81 

—  83   +2 

—27 

—28 

+1 

—  97  - 

-98—4 

—86 

—88 

—2 

—116 

—116   +0 

•-26 

—28 

+8 

—122  - 

-121  —1 

—80 

—82 

+2 

—147 

—148   +1 

—26 

—27 

+2 

—147  - 

-148  +1 

—27 

—28 

+1 

—174 

—176   +2 

—27 

—26 

—2 

—174  - 

-178  —1 

—21 

—21 

+0 

—196 

—196   +1 

—21 

—21 

+0 

—196  - 

-194  —1 

—18 

—11 

—2 

—208 

—207  —1 

—16 

—16 

—1 

—211  - 

-209  —2 

+  2 

+  0 

+2 

—207 

—207   +0 

—  8 

—  8 

+0 

—219  - 

-217  —2 

+12 

+  9 

+3 

—196 

—198   +8 

—  1 

—  2 

+1 

—220  - 

-219  —1 

+23 

+18 

+5 

—172 

—180   +8 

+  4 

+  6 

—2 

—216  - 

-218  —8 

+26 

+27 

— 1 

—146 

—158   +7 

+12 

+12 

+0 

—204  - 

-201  —8 

+29 

+81 

—2 

—118 

—122   +4 

+19 

+16 

+3 

—185  • 

-186  +0 

+81 

+83 

—2 

—  87 

—  89  +2 

+24 

+22 

+2 

—161  ■ 

-168  +2 

+29 

+82 

—3 

—  68 

—  67  —1 

+22 

+24 

—2 

—139  - 

-189  +0 

+26 

+27 

— 1 

—  38 

—  80—8 

+28 

+26 

—8 

-116  ■ 

-118  —8 

+22 

+20 

+2 

—  11 

—  10  —1 

+25 

+26 

—1 

—  91  ■ 

-87—4 

+11 

+11 

+0 

+    0 

+     1   -1 

+24 
+28 

+26 
+22 

—2 
+1 

—  67  - 

—  44  ■ 

-61—6 
-  39  —5 

+20 

+18 

+2 

—  24  - 

-21—8 

+20 

+14 

+6 

—    4  ■ 

-7+8 

+  4 

+  7 

—3 

+0 

+    0+0 

Finally,  we  have  a  severe  test  in  the  agreement  of  the  values  of  n 
computed  for  parts  of  the  revolution  which  were  not  observed.  In 
order  to  adapt  the  equations,  for  example,  to  successive  ten  degrees  of 
revolution,  the  coefficients  of  the  first  equation  must  be  multiplied  by 
.jijO,.  =  .694,  and  those  of  the  second  equation  must  be  multiplied  by 
||  =  .556.     We  shall  then  have :  — 


(1)11  = 
(2)«  = 


— 18.5  sinx  +  4.1  cosx  — 0.1  sin  2x  -J- 0.6  cos  2x; 
— 16.2  sinaj  -j- 5.4  cosa?  — 1.1  sin  2x  -f-  0.7  cos  2x. 


Substituting  x  =  0°,  10°,  20°,  &c.  in  these  equations,  and  com- 
paring the  results,  we  have  the  following  discordances  expressed  in 
millionth8  of  an  inch :  — 


Number  of  millionths, 
Number  of  cases, 


0 
5 


1 
7 


2 

17 


3 
3 


4 
4 
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The  average  deviation  is  19  ten-millionths  of  an  inch,  and  there  are 
only  7  cases  in  which  the  disagreement  exceeds  2  million ths  of  an 
inch. 

(g)  The  relative  advantages  of  the  eye-piece  micrometer,  the  filar 
micrometer,  and  the  screw  comparator,  for  narrow  intervals,  are  nearly 
equal,  as  will  be- seen  from  the  following  comparison  of  the  individual 
values  derived  by  each  method  of  observation,  with  the  normal  values 
found  from  the  equation 

n  =  —  23.8  sin  x  +  5.4  cos  x  —  0.1  sin  2  x  -f-  1-0  cos  x, 

which  represents  the  mean  curve  for  the  first  band  of  Plate  I. 

Number  of  millionths,  0123466789  10 

/  Eye-piece  micrometer,  78360101000 

NlJ™|^r  of  )  FUarmicrometer,  42362161200 

'       (Men  screw,  424262    2    2011 

(h)  It  appears  from  this  investigation  that  it  is  possible  to  reduce 
the  errors  of  a  precision-screw  for  short  intervals  to  about  one  hun- 
dred-thousandth of  an  inch  by  applying  the  corrections  derived  from 
the  equation  which  represents  the  periodic  errors.  Since  the  rejection 
of  oil  as  a  lubricant,  the  errors  have  been  considerably  reduced. 

(t)  In  a  meridian  circle  having  a  diameter  of  30  inches,  one  second 
of  arc  is  equal  to  .0000727  of  an  inch.  It  appears,  therefore,  from 
this  investigation,  that,  even  if  the  attached  microscopes  have  the  same 
power  as  those  used  in  this  investigation,  the  ultimate  limit  of  accuracy 
in  the  matter  of  bisection  and  reading  only,  must  be  at  least  0."05. 
But  the  microscopes  of  the  meridian  circle  of  Harvard  College  Obser- 
vatory magnify  only  51  diameters,  while  the  magnifying  powers  used  in 
this  series  of  measures  were  194,  290,  5G0,  and  870.  Moreover,  this 
limit  has  reference  only  to  repeated  readings  of  the  microscopes  for 
the  same  position  of  the  instrument.  It  has,  therefore,  only  a  relative 
value.  When,  in  addition  to  the  errors  of  simple  pointing  and  reading, 
we  take  into  account  the  accidental  and  the  systematic  errors  of  di- 
vision in  the  graduated  circles  and  the  outstanding  errors  always  found 
in  measures  of  large  arcs  of  a  circle,  the  present  limit  of  precision  can- 
not fall  much  below  0."2. 

Since  the  completion  of  this  investigation  a  further  opportunity  of 
comparing  the  results  of  measures  of  the  same  intervals  by  different 
observers  has  occurred.  Through  the  kindness  of  Professor  George 
F.  Barker,  of  the  University  of  Pennsylvania,  I  obtained  the  loan  of  a 
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ruled  plate  from  the  precision-screw  of  Mr.  L.  M.  Rutherford.  This 
plate  is  marked  "  g^  rev."  It  consists  of  1 1  lines,  covering  a  space 
as  nearly  equal  to  one  millimeter  as  the  even  notches  of  the  index 
of  the  screw  will  give  this  value.  A  transverse  line  subdivides  the 
vertical  lines.  The  lines  are  apparently  filled  with  graphite,  and 
they  are  protected  by  a  coating  of  transparent  varnish. 

I  first  measured  the  ten  spaces  of  this  plate  in  May,  1878.  The 
plate  was  then  sent  to  Professor  Morley.  After  its  return,  and  before 
comparing  the  results  already  obtained,  it  was  again  measured.  In 
April  and  May,  1879,  still  another  series  of  measures  was  made.  The 
plate  was  then  placed  in  the  hands  of  Mr.  J.  R.  Edmands,  who  is  a 
skilful  and  careful  observer  with  the  microscope. 

The  measures  made  by  Professor  Morley  and  myself  were  of  the 
separate  spaces,  and  the  accumulated  errors  were  found  by  successive 
additions.  Mr.  Edmands  made  some  measures  in  this  way,  but  he 
also  measured  the  distance  of  the  successive  lines  from  each  of  the 
end  lines.  The  differences  between  the  errors  of  the  adjacent  lines 
were  then  compared  with  the  direct  measures  of  the  spaces,  while  the 
sums  of  the  errors  of  the  spaces  were  compared  with  the  errors  of  the 
individual  lines.  The  values  given  by  him  were  obtained  by  giving 
to  each  determination  its  proper  relative  weight. 

In  accordance  with  the  prearranged  plan  of  observation,  each  ob- 
server remained  in  ignorance  of  the  results  obtained  by  the  other 
observers  until  the  work  of  measurement  was  completed.  The  fol- 
lowing are  the  values  of  the  corrections  required  to  reduce  each  space 
of  this  particular  millimeter  to  the  mean  of  all  the  spaces.  They  are 
expressed  in  millionths  of  a  centimeter. 
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INDIVIDUAL    ERRORS. 


Spaces. 

ROGBBS. 

May,  1878. 

MORLBT. 

Rogers. 
October  and 
November, 
1878. 

Rogers. 

April  and 

May,  1879. 

Edmauds. 

Mean 
Value*. 

1 
2 
3 

4 
5 
6 
7 
8 
9 
10 

—36 
—14 

—  6 

—  4 

—  7 
—28 
+  0 
+  8 
+35 
+52 

—  8 
—12 
—10 

—  1 

—  1 

—  4 

—  1 

—  3 
+  8 
+36 

—87 
—11 
—18 

—  2 

—  8 
—28 
+  2 
+  4 
+83 
+55 

—16 
—19 
—27 
+11   . 

—  1 

—  4 

—  1 
+  2 
+13 
+42 

—14 
—16 
—16 
+  2 

—  3 

—  8 

—  1 

—  3 
+10 
+44 

—22 
—14 
—16 
+  1 
—  8 
—12 
+  0 

+  2 
+19 

+46 

ACCUMULATED    ERRORS. 

1 
2 
3 

4 
5 
6 
7 
8 
9 
10 

—36 
— #> 
—66 
— 60 
—67 
—96 
—06 
—87 
—62 
—  0 

—  8 
—20 
—80 
—31 
—82 
—86 
—87 
—40 
—37 

—  2 

—37 
—48 
—66 
—68 
—71 
—94 
—92 
—88 
—66 
—  0 

—16 
—36 
—62 
—61 
—62 
—66 
—67 
—66 
—12 
—  0 

—14 
—30 
—46 
—44 
—47 
—60 
—61 
—64 
—44 
—  0 

—22 
—87 
—61 
—61 
—64 
—66 
—66 
-66 
—46 
—  0 

It  is  somewhat  doubtful  whether  the  mean  values  given,  represent 
the  actual  errors  of  the  spaces.  There  are  some  indications  that  a 
shrinkage  of  the  film  of  varnish  has  occurred  since  it  was  first  applied, 
and  this  action  may  have  produced  some  effect  upon  the  graphite  with 
which  the  lines  are  filled.  Although  graphite  is  an  impalpable  pow- 
der, I  have  seen  many  instances  in  which  it  has  been  lifted  in  mass 
from  the  filled  lines  and  thrown  a  distance  as  great  as  one  thousandth 
of  an  inch  without  breaking  the  continuity  of  the  particles.  This 
action  seems  to  take  place  only  when  the  lines  and  the  filling  are  pro- 
tected by  a  thin  cover-glass,  closely  cemented  to  the  slip  on  which  the 
lines  are  ruled.  Sometimes  an  explosion  seems  to  take  place,  scat- 
tering the  graphite  in  all  directions,  leaving  it  in  curves  having  nearly 
a  uniform  shape.  I  have  never  been  fortunate  in  seeing  this  action, 
but  in  the  case  of  one  ruled  plate  an  actual  observation  limits  the  time 
within  which  the  explosion  must  have  occurred  to  about  ten  days. 
In  this  case  the  lines  remained  perfect  for  about  four  months  after 
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they  were  ruled  and  filled,  but  between  the  1st  and  the  10th  of 
April  of  the  present  year  nearly  one  half  of  the  powder  was  com- 
pletely removed  from  the  lines. 

It  is  possible  also,  that  some  of  the  discordances  are  due  to  the  fact 
that  the  measures  were  not  all  made  along  the  same  horizontal  line. 
My  earlier  measures  were  made  along  a  line  just  above  the  transverse 
line,  while  the  later  ones  were  made  along  a  line  a  little  below  the 
transverse  line.  My  observations  of  April  and  May  of  the  present 
year,  and  those  made  by  Mr.  Edmands,  ought  to  be  comparable,  since 
they  were  made  at  nearly  the  same  time  and  along  the  same  line. 
The  greatest  disagreement  is  in  the  third  space ;  and  that  the  dis- 
cordance is  not  an  accidental  one  is  shown  by  the  fact  that  all  my 
observations  agree  in  giving  — 27,  while  all  of  his  agree  in  giving 
— 16.  But,  admitting  that  the  discordances  are  all  due  to  errors  of 
observation,  it  will  be  seen  that  the  average  deviation  from  the  mean 
is  only  6  millionths  of  a  centimeter. 
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To  the  President  of  the  University:  — 

Sir,  —  During  the  past  year,  both  of  the  large  telescopes 
belonging  to  the  Observatory  have  been  kept  actively  in  use.  It 
would  be  most  unfortunate  that  either  of  these  superb  instru- 
ments should  again  be  idle,  or  be  employed  without  the  hope  of 
reducing  the  observations  made  with  it,  as  has  been  the  case  in 
past  years.  Even  now,  the  expenditure  involved  in  using  both 
instruments  considerably  exceeds  the  income  of  the  Observa- 
tory, which  must  be  enlarged  unless  the  use  of  one  telescope  at 
least  is  greatly  restricted.  But  it  is  hoped  that  the  results  of 
the  year's  work,  which  are  stated  below,  will  induce  the  friends 
of  astronomy  to  prevent  the  recurrence  of  this  necessity. 

I  shall  first  describe  the  work  of  the  large  equatorial  tele- 
scope, and  the  various  operations  connected  with  it ;  then  the 
observations  made  with  the  meridian  circle  ;  and  afterwards  the 
extension  in  the  distribution  of  standard  time  signals,  the  prog- 
ress made  in  reducing  and  publishing  the  past  observations,  the 
condition  of  the  library,  the  present  state  of  the  attempt  to 
increase  the  income  of  the  Observatory,  and  the  work  proposed 
for  next  year. 

The  equatorial  observations  have  been  made  under  my  own 
immediate  direction,  by  Messrs.  Searle  and  Upton,  and  by  myself. 
The  East  Equatorial  has  been  used  on  two  hundred  and  thirty- 
nine  nights  during  the  year  ending  Oct.  31, 1878,  mainly  in  a 
continuation  of  the  photometric  work  projected  last  year.  About 
18)000  photometric  observations  have  been  obtained  (22,000  in 
the  fifteen  months  during  which  the  telescope  has  been  at  work). 


The  light  of  all  the  known  satellites,  except  the  two  inner 
satellites  of  Uranus,  which  are  too  faint  for  observation  with 
our  instrument,  has  been  carefully  measured.  The  relative 
light  of  the  components  of  all  known  double  stars  of  the  fifth 
magnitude  or  brighter,  and  visible  in  this  latitude,  has  also  been 
determined. 

Four  comparisons  constitute  a  set,  and  the  observations  of 
each  star  comprise  at  least  ten  sets.  Moreover,  each  star  has 
been  observed  on  three  or  more  nights,  and  by  two  —  or  oftener 
by  three  —  observers,  to  avoid  errors  due  to  the  condition  of  the 
air  or  to  individual  peculiarities. 

Other  precautions  have  been  taken  to  guard  against  various 
systematic  errors  which  were  from  time  to  time  apprehended. 
A  careful  study  of  the  work  shows  that  the  probable  error  of  the 
final  results  amounts  only  to  about  one-twentieth  of  a  magnitude. 
Some  sources  of  error,  which  may  seriously  influence  ordinary 
estimates  of  stellar  magnitude,  have  been  detected.  It  appears 
that  the  proximity  of  a  bright  star  may  affect  the  estimate  of  the 
light  of  a  faint  star  to  the  extent  of  two  or  three  magnitudes  I 
In  the  present  series  of  measurements,  this  source  of  error  is 
avoided. 

By  combining  a  spectroscope  with  a  photometer  like  that  used 
in  the  work  just  described,  various  parts  of  the  spectra  of  ft 
Cygni  and  7  Andromedce  have  been  examined,  and  the  progressive 
increase  in  the  relative  light  of  their  blue  components  towards 
the  more  refrangible  end  of  the  spectrum  has  been  clearly  shown. 

The  measurement  of  the  very  faint  test  objects  selected  and 
in  part  observed  last  year  is  now  completed.  The  constant  of 
the  photometer  with  which  these  observations  were  made,  has 
also  been  redetermined  with  great  care. 

One  of  the  most  important  series  of  the  equatorial  observa- 
tions of  the  year  relates  to  the  eclipses  of  Jupiter's  satellites. 
Much  value  was  formerly  attached  to  these  phenomena,  as  a 
means  not  only  of  determining  the  orbits  of  the  satellites  them- 
selves, but  of  measuring  the  distance  of  the  sun  or  the  velocity 
of  light,  and  of  obtaining  terrestrial  longitudes.  But  for 
these  purposes  the  observation  of  the  mere  appearance  or  disap- 
pearance of  a  satellite  cannot  well  be  made  sufficiently  exact. 
Large  differences  occur  between  the  results  of  the  work  done 
by  different  observers  or  with  different  instruments.    The  state 


of  the  atmosphere  at  the  time  of  any  particular  observation  may 
also  greatly  affect  it.  Errors  of  this  kind  are  much  lessened  by 
photometric  observations  of  the  satellites,  as  they  gradually  enter 
or  emerge  from  the  shadow  of  Jupiter,  using  the  planet  itself  or 
another  satellite  as  a  standard.  Each  comparison  thus  obtained 
gives  an  independent  determination  of  the  time  of  the  eclipse, 
free  from  the  errors  due  to  the  condition  of  the  air  or  the  power  of 
the  telescope  employed,  and  less  likely  to  be  affected  by  personal 
equation  than  the  observation  of  a  disappearance  or  reappear- 
ance. Since  June  23,  1878,  twenty-three  eclipses  have  been 
observed,  nine  of  them  with  both  the  East  and  West  Equatorials. 
These  thirty-two  series  comprise  over  eight  hundred  observa- 
tions. Omitting  those  required  to  determine  the  full  brightness 
of  the  satellites  just  before  or  just  after  their  eclipses,  there 
remain  nearly  three  hundred  from  each  of  which  the  time  of  an 
eclipse  may  be  deduced.  This  gives  on  the  average  nine  obser- 
vations in  each  series;  and,  supposing  the  value  of  each  observa- 
tion to  be  only  equal  to  one  of  those  usually  made,  gives  us  in 
one  year  an  amount  of  material  which  it  would  ordinarily 
require  nine  years  to  collect.  This  estimate  does  not  take  into 
account  the  numerous  cases  in  which  many  photometric  observa- 
tions of  an  eclipse  may  be  obtained  when  the  actual  disappear- 
ance or  reappearance  cannot  be  observed,  owing  to  clouds  or 
accident  of  any  kind.  Moreover,  by  the  ordinary  method,  an 
observation  during  twilight  can  have  little  value,  while  good 
photometric  observations  may  be  made  as  well  then  as  at  any 
other  time.     It  is  even  possible  to  make  them  before  sunset. 

For  the  development,  by  the  various  kinds  of  work  above 
described,  of  a  branch  of  science  which  has  heretofore  received 
little  attention,  it  has  been  necessary  to  devise  a  new  class  of 
instruments.  These  are  designated  in  the  records  of  the  Obser- 
vatory by  the  letters  of  the  alphabet,  the  first  which  was  con- 
structed being  called  Photometer  A,  and  the  last  Photometer  O. 
The  work  of  the  year  has  mainly  been  done  with  Photometers 
H  and  I.  Photometers  L  and  M,  which  have  as  yet  not  been 
brought  into  systematic  use,  require  special  notice.  Photometer 
U  consists  of  a  Rochon  micrometer,  in  which  the  images  of  the 
two  stars  may  be  rendered  equal  in  brightness  by  a  Nicol.  The 
positions  and  distances  of  the  components  of  double  stars  may 
thus  be  measured  with  great  precision,  while  the  systematic 
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errors  occurring  in  measurements  of  the  usual  kind  may  be 
almost  wholly  eliminated.  Photometer  L  is  intended  to  meas- 
ure the  brightness,  positions,  or  distances  of  any  two  stars  the 
angular  separation  of  which  lies  between  6 '  and  40 '.  It  re- 
sembles a  double-image  micrometer  or  heliometer,  except  that 
the  full  aperture  of  the  telescope  is  used.  The  loss  of  light 
and  deterioration  of  the  images  in  these  instruments  is  thus 
avoided. 

By  the  liberal  gifts  to  which  reference  is  made  on  page  13, 
the  construction  of  the  photometers  just  mentioned,  especially 
of  those  adapted  for  micrometric  work,  was  rendered  possible. 
Great  credit  is  also  due  to  Mr.  George  B.  Clark,  of  the  firm  of 
Alvan  Clark  &  Sons,  without  whose  ingenuity  and  skill  their 
construction  would  have  been  attended  with  great  difficulty. 

Besides  the  photometric  observations  made  with  the  East 
Equatorial,  it  has  occasionally  been  used  in  determining  the 
places  of  asteroids,  and  for  other  purposes. 

All  the  available  telescopes  of  the  Observatory  were  in  use 
during  the  transit  of  Mercury  last  May,  for  observations  of  the 
diameter  of  that  planet,  as  well  as  of  its  ingress  and  egress. 
The  weather,  unfortunately,  seriously  interfered  with  these 
observations.  Photographs  of  the  transit  were  also  taken  in 
co-operation  with  the  U.  S.  Naval  Observatory,  upon  dry  plates 
sent  from  Washington,  and  returned  for  development  and  meas- 
urement. A  few  additional  photographs  were  obtained,  for  pres- 
ervation at  the  Observatoiy. 

No  expedition  was  sent  from  this  Observatory  to  observe  the 
Total  Eclipse  of  the  Sun  on  July  29,  1878.  In  view  of  the 
pressing  need  of  money  for  our  immediate  work,  I  did  not  feel 
justified  in  an  expenditure  the  results  of  which  might  be  negative. 
Aid  was  freely  offered  to  other  observers,  by  the  loan  of  any 
instruments  not  in  use  at  the  Observatory.  Three  or  four  par- 
ties availed  themselves  of  this  opportunity,  and  instruments 
valued  at  two  or  three  thousand  dollars  were  thus  used  during 
the  Eclipse.  These  instruments  have  been  returned  in  good 
condition,  and  their  use  has  been  handsomely  acknowledged  in 
the  printed  reports.  Leave  of  absence  was  given  at  this  time 
to  Mr.  Leonard  Waldo,  who  observed  the  Eclipse  in  Texas, 
and  to  Mr.  Upton,  who  joined  Professor  Stone's  party  in  Colo- 
rado. 
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A  new  method  of  measuring  the  transparency  of  the  air  has  been 
employed  during  the  past  two  months,  by  comparing  the  light 
of  stars  near  the  zenith  and  horizon.  This  promises  to  furnish 
a  simple  means  of  determining  the  coefficient  of  atmospheric 
absorption  at  different  times  and  places. 

Observations  with  the  meridian  circle  have  been  made  on  one 
hundred  and  fifty-eight  nights  during  the  year.  The  observer 
in  charge  of  the  instrument  has  been,  as  in  previous  years,  Pro- 
fessor W.  A.  Rogers,  who  has  been  assisted  in  reading  the 
microscopes  by  Mr.  J.  F.  McCormack.  The  observations  of 
the  stars  between  50°  and  55°  north  declination  have  continued 
without  interruption.  This  great  work,  which  has  been  carried 
on  for  eight  years,  will  be  completed  by  the  end  of  December, 
1878-  Of  eight  thousand  stars  to  be  observed,  only  one  hundred 
and  thirty-four  remain,  all  situated  between  23h  and  5b  of  right 
ascension. 

Observations  of  a  list  of  two  hundred  and  fifty-eight  stars, 
drawn  up  by  the  U.  S.  Coast  Survey,  at  whose  request  the  work 
was  undertaken,  were  begun  in  January,  1878.  Six  observations  of 
each  star  have  thus  far  been  made,  with  four  or  five  exceptions. 
The  method  of  observation  in  use  here  allows  the  observations 
to  succeed  each  other  at  very  short  intervals,  so  that,  although 
in  some  cases  several  of  the  stars  are  situated  within  a  single 
minute  of  right  ascension,  the  whole  work  will  be  completed  by 
the  end  of  1878. 

The  whole  number  of  observations  made  during  the  year  is  as 

follows :  — 

Zone  Stars 1,510 

Fundamental  Stare 1,338 

Coast  Survey  Stars 1,285 

Miscellaneous  observations 1G7 

Total 4,300 

The  chronograph  sheets  have  all  been  read  as  far  as  October, 
1878 ;  and  the  results,  together  with  the  circle  readings,  have 
been  copied  in  permanent  form.  The  reduction  of  last  year's 
observations  of  the  planet  Mars,  and  of  the  comparison  stars  in 
the  lists  of  Mr.  Gill  and  Professor  Eastman,  has  been  completed. 

The  reductions  of  the  Polar  Catalogue  of  1872-73  are  com- 
pleted, but  considerable  work  still  remains  to  be  done  in  prepar- 
ing the  results  for  the  press. 
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The  observations  of  1874-75,  made  upon  the  stars  of  the 
General  Catalogue  of  Vol.  X.  of  the  Annals  of  the  Observatory, 
have  been  reduced,  and  the  work  is  now  in  process  of  printing. 
The  discussion  of  these  observations  is  still  to  be  made. 

The  reduction  of  the  observations  made  upon  the  stars  of  the 
Coast  Survey  has  been  somewhat  more  than  half  completed  by 
Mr.  Upton,  who  has  this  work  in  charge.  The  fundamental 
stars  upon  which  these  observations  depend  are  one  hundred  and 
sixteen  in  number.  The  co-ordinates  of  these  stars  for  1878.0 
have  been  derived  from  the  following  authorities :  — 

Greenwich from  1870  to  1875,  inclusive. 

Washington „     1870  to  1874,       „ 

Cambridge „     1871  to  1875,       f, 

The  positions  taken  from  these  sources  have  been  reduced  to 
the  system  of  the  Berlin  Ephemeris  of  five  hundred  and  thirty- 
nine  stars,  by  applying  corrections  both  for  constant  and  for 
systematic  deviations  from  this  system. 

A  series  of  photometric  observations  have  also  been  made,  in 
which  Professor  Rogers  has  estimated  the  brightness  of  stars  seen 
with  various  apertures.  This  furnishes  a  means  of  reducing  to 
absolute  measure  the  scale  of  magnitudes  he  has  employed  in 
the  zone  observations. 

The  general  management  of  the  time-service  remains  in  charge 
of  Mr.  Leonard  Waldo,  who  has  been  assisted,  since  July  1,  by 
Mr.  Frank  Waldo.  The  signals  have  been  distributed  over  a 
wider  area  than  before.  By  the  intervention  of  railroad  and 
telegraph  companies,  they  now  reach  Bangor,  Lennoxville  in 
Canada,  Albany,  and  New  York.  The  most  important  exten- 
sions of  the  service  consist  in  the  arrangements  by  which  the 
signals  are  now  sent  through  the  northern  part  of  Massachusetts 
to  North  Adams,  and  in  the  establishment  of  a  time-ball  at  Bos- 
ton. This  last  enterprise  was  made  practicable  by  the  liberal 
co-operation  of  the  Equitable  Life  Assurance  Co.,  and  of  the 
United  States  Signal  Service.  The  ball  is  of  copper,  four  feet 
in  diameter,  and  weighs  about  two  hundred  and  fifty  pounds. 
It  has  a  fall  of  about  fifteen  feet,  and  is  held  in  place,  when 
raised  to  the  top  of  its  mast,  by  a  powerful  electro-magnet.  It 
is  released  at  noon  by  the  clock  at  Cambridge,  which  acts  auto- 
matically through  the  telegraph  line  to  the  building  of  the  Equi- 
table Life  Assurance  Co.,  on  Devonshire  Street,  where  the  ball 


u  mounted.  If,  from  any  cause,  the  ball  fails  to  drop  at  noon, 
it  is  released,  in  the  manner  just  explained,  at  precisely  five 
minutes  after  noon.  Since  July  12,  a  record  of  its  performance 
has  been  kept,  which  is  compared  below  with  the  records  for  a 
period  of  five  years  of  the  performance  of  the  time-ball  at  Deal, 
England,  dropped  by  the  Royal  Observatory  at  Greenwich. 
The  figures  show  the  percentage  of  results  of  each  kind  men- 
tioned :  — 

Time-ball  at 
Boston.     Deal. 

Dropped  by  telegraph  at  12*  0" 89        86 

lOfc  5»  7 

>i  »»  ti        »>  *•*    ° • 

„         „  band 1  9 

Failed  to  drop 3  5 

The  success  attained  in  the  working  of  the  time-ball  at  Boston 
is  largely  due  to  the  zeal  and  skill  displayed  by  Mr.  Orrin  Par- 
ker, Sergeant  U.  S.  Signal  Service,  who  has  been  stationed  at 
Boston,  and  in  charge  of  the  ball  since  its  establishment.  He 
bas  been  efficiently  assisted  by  Messrs.  J.  H.  Righter  and  F.  W. 
Conrad,  also  of  the  Signal  Service. 

Arrangements  are  in  progress  with  the  Western  Union  Tele- 
graph Co.,  for  the  distribution  of  time-signals  to  various  cities 
desirous  of  receiving  them  from  the  Observatory.  Inquiries 
have  been  made  of  the  superintendents  of  New  England  rail- 
roads with  regard  to  several  points  connected  with  proposed 
extensions  of  the  time-service,  the  answers  to  which  may  be 
stated  in  brief  as  follows :  — 

Ninety  per  cent  of  the  railroads  consider  it  a  convenience  to 
travellers  to  have  all  trains  run  by  the  same  time  throughout 
New  England.  Ninety-three  per  cent  consider  that  a  uniform 
standard  of  time  distributed  over  their  lines  would  lessen  the 
risk  of  accident;  ninety-three  per  cent  advocate  a  general  dis- 
tribution of  the  signals  over  all  the  New  England  lines  at  the 
same  instant  of  time.  A  recourse  to  legislation  to  produce 
uniformity  in  railroad  time  is  not  generally  favored,  fifty-three 
per  cent  of  the  roads  considering  that  the  proposed  object  can 
be  best  accomplished  by  mutual  agreement.  For  a  time  to  use 
as  the  standard,  sixty  per  cent  favor  Boston  (the  signals  now 
sent  from  the  Observatory),  seventeen  per  cent  New  York,  and 
the  rest  various  intermediate  standards.  The  standard  now  in 
is  in  forty-seven  per  cent  of  the  cases   Boston   time;   in 
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twenty-three  per  cent  New  York  time;  and  in  others  various 
local  times. 

It  may  here  be  observed  that  no  inconvenience  can  follow 
from  the  use  of  one  standard  of  time  over  a  large  tract  of  coun- 
try, even  if  it  differs  several  minutes  from  the  local  time ;  and 
again,  that  if  the  use  of  local  time  is  preferred,  the  same  signals 
will  still  serve  different  places,  which  have  only  to  consider  the 
moment  at  which  a  signal  is  received  as  differing  by  a  fixed 
number  of  minutes  from  noon  or  any  other  moment  of  Boston 
time  (for  example)  selected  for  the  transmission  of  the  signal. 

The  new  clock-room,  described  last  year,  has  given  complete 
satisfaction.  Some  changes  have  been  made  in  the  telegraphic 
circuits,  so  that  either  of  the  two  lines  from  Cambridge  may  be 
available  for  dropping  the  time-ball  as  well  as  for  distributing 
the  signals.  Messrs.  E.  Howard  &  Co.  have  placed  one  of  their 
clocks,  No.  191,  upon  the  granite  pier  in  the  clock-room  men- 
tioned last  year  as  designed  for  this  purpose.  This  clock  will 
be  available  as  a  substitute  in  case  of  need  for  the  standard 
mean-time  clock,  Bond  394.  Its  performance  is  good,  and  it  is 
kept  within  a  small  fraction  of  a  second  of  the  standard  clock. 
The  error  of  the  standard  clock,  Bond  394,  at  10  a.m.  of  each 
day  (determined  by  clock  comparisons,  and  of  course  not  known 
with  certainty  when  a  long  period  of  cloudy  weather  has  oc- 
curred), has  exceeded  seven-tenths  of  a  second  on  two  days  only 
during  the  year.  Since  July  1  it  has  exceeded  one-tenth  of  a 
second  on  nine  days  only. 

The  reduction  and  publication  of  the  past  observations  has 
been  pushed  as  vigorously  as  our  means  permitted  during  the 
year.  The  two  gaps  in  our  series  of  Annals  have  been  filled  by 
the  publication  of  Volume  IV.  Part  2,  and  Volume  IX.,  so  that 
the  set  is  now  complete  from  Volume  I.  to  X.  The  amount  of 
material  still  to  be  published  will  fill  nine  or  ten  volumes ;  that 
is,  it  will  occupy  almost  as  much  space  as  all  that  the  Observa- 
tory has  published  for  thirty  years  past.  If  the  observations 
were  published  in  detail,  as  is  the  case  at  the  Observatories  of 
Greenwich  and  Washington,  and  as  has  been  done  heretofore 
at  this  Observatory,  over  a  dozen  volumes  would  be  required  to 
contain  the  observations  already  made.  This  includes  only  the 
material  of  whose  publication  there  can  be  no  question.  Much 
remains  which  will  not  be  issued,  the  lapse  of  time  and  other 
causes  having  seriously  impaired  its  value. 
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This  accumulation  of  valuable  observations,  the  result  of  years 
of  persistent  labor,  and  of  the  expenditure  of  many  thousands  of 
dollars,  is  at  present  liable  to  destruction  by  fire  or  other  acci- 
dent. There  is  no  absolute  security  from  this  danger  until  the 
volumes  are  published  and  distributed.  The  greatest  need  of 
the  Observatory  at  the  present  time  is  the  means  of  preparing 
this  material  for  the  press.  By  a  sufficient  increase  in  our 
clerical  force,  the  expense  need  not  be  very  great.  It  is  not 
good  economy,  however,  that  much  of  my  own  time  and  that  of 
my  assistants  should  be  spent  on  work  which  may  be  done  by 
any  copyist,  as  is  now  the  case.  Delay  in  publication  not  only 
diminishes  the  value  of  the  work,  but  greatly  increases  the 
difficulty  of  preparing  the  manuscript  for  the  printer.  A  delay 
of  several  years  often  renders  it  almost  impossible  to  supply  the 
details  necessary  to  give  the  volume  its  greatest  value.  More- 
over, there  is  danger  that  good  work  done  here  ma)*  be  need- 
lessly repeated  elsewhere,  if  its  publication  be  long  delayed. 

It  seems  hard  that  Professor  Winlock,  although  for  nearly 
ten  years  Director  of  this  Observatory,  did  not  live  to  see  any 
of  his  own  observations  published,  or  even  to  complete  the  work 
of  his  predecessors.  To  avoid  the  increased  accumulation  of 
unreduced  observations,  a  system  of  book-keeping  has  been 
introduced  in  the  equatorial  work,  by  which  every  day  the  obser- 
vations of  the  previous  evening  are  reduced  as  far  as  possible, 
and  the  results  entered  on  sheets  ready  for  the  printer.  This 
has  enabled  us  to  begin  already  the  publication  of  the  photo- 
metric work  of  the  equatorial,  although  the  entire  system  of 
observations  is  not  yet  completed. 

During  the  past  year  an  approach  for  wagons  to  the  west 
wing  of  the  Observatory  has  been  laid  out.  A  gardener  has 
been  employed  for  a  large  part  of  the  summer  in  various  im- 
provements of  the  grounds,  which  have  not  been  charged  to  the 
Observatory  or  College.  No  important  change  has  been  made 
in  the  building.  Some  upholstering,  refurnishing,  and  addi- 
tional book-shelves  are  much  needed  in  the  library  and  com- 
puting rooms.  More  pressing  demands  have  prevented  such  an 
expenditure  as  is  desirable  on  the  library,  and  no  shelf  room 
now  remains  for  the  later  accessions.  The  instruments  remain  in 
good  condition,  and  have  not  suffered  the  deterioration  to  which 
they  are  liable  when  not  used.     The  convenience  of  using  the 
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large  equatorial  has  been  greatly  increased  by  the  addition  of 
large  finding  circles,  and  daring  the  present  month  by  the  sub- 
stitution of  a  new  tail-piece. 

The  peculiar  advantages  already  enjoyed  by  this  Observatory 
make  it  apparent  that  even  a  comparatively  small  increase  of  its 
resources  may  reasonably  be  expected  to  yield  more  immediate 
and  valuable  returns  than  can  in  any  ordinary  cases  be  looked 
for  from  money  laid  out  in  the  encouragement  of  science. 
Besides  the  libraries,  scientific  collections,  and  laboratories  of  the 
University,  we  have  the  similar  institutions  of  Boston  close  at 
hand.  Instrument  makers  of  the  very  first  rank  in  their  profes- 
sion are  established  in  the  neighborhood,  and  the  instrumental 
equipment  of  the  Observatory  is  in  many  respects  unsurpassed 
elsewhere.  Funds  for  the  publication  of  observations  which 
have  been  made  ready  for  the  press,  and  for  the  payment  of  cur- 
rent expenses  (such  as  repairs,  fuel,  lights,  and  stationery),  are 
already  at  our  disposal.  The  true  test  of  the  power  of  an  obser- 
vatory, however,  must  be  the  income  which  is  available 
for  its  strictly  scientific  work,  after  the  mere  cost  of  its 
maintenance  has  been  paid.  The  amount  of  work  done  will 
obviously  be  directly  proportional  to  this  surplus,  so  long  at 
least  as  it  remains  insufficient  to  give  full  employment  to  the 
principal  instruments  of  the  institution. 

In  the  present  case,  any  increase  of  the  income  of  the  Obser- 
vatory may  be  directly  applied  to  the  promotion  of  scientific 
researches,  and  will  accordingly  yield  unusually  large  returns  in 
the  form  of  published  observations. 

A  year  ago,  the  Visiting  Committee,  recognizing  the  great 
need  of  an  increased  income  for  the  Observatory,  undertook 
to  supply  this  want.  To  these  gentlemen  my  best  thanks 
are  due  for  their  vigorous  measures,  which  promise  to  instil 
new  life  into  the  Observatory.  I  must  especially  mention 
Messrs.  Agassiz,  Amory  and  Bowditch,  as  it  was  their  energy 
and  enthusiasm  which  overcame  all  the  obstacles  which  pre- 
sented themselves.  A  subscription  was  started  to  raise  five 
thousand  dollars  a  year  for  five  years,  in  sums  not  less  than 
fifty  dollars  annually.  It  was  hoped  that  if  the  immediate 
needs  of  the  Observatory  could  thus  be  met,  results  would 
be  obtained  that  would  render  it  easy  hereafter  to  secure  an 
increase  in  our  permanent  endowment. 
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A  circular  was  distributed  asking  for  subscriptions,  payable 
in  case  the  entire  amount  was  raised.  During  the  year  ending 
Oct.  31,  1878,  to  which  this  Report  relates,  subscriptions 
amounting  to  thirty-two  hundred  dollars  annually  have  been 
made.  Since  then,  the  subscription  has  proceeded  very  satis- 
factorily ;  and  it  is  confidently  expected  that  in  a  short  time  the 
entire  amount  will  be  received.  As  a  complete  list  of  the  sub- 
scribers cannot,  therefore,  be  given,  it  appears  best  to  defer  until 
next  year's  Report  an  acknowledgment  of  the  individual  sub- 
scriptions. I  desire  at  this  time  to  express  to  those  who  have 
already  promised  their  assistance  the  great  obligation  the  Obser- 
vatory is  under  to  them  for  the  generous  manner  in  which  they 
have  responded  to  its  needs.  The  assurance  of  friendly  senti- 
ments toward  the  Observatory  given  by  those  who  were  unable 
to  aid  in  this  work  has  also  been  most  gratifying. 

Three  subscriptions,  by  Mrs.  Forbes,  Mrs.  Brooks,  and  Mr. 
Appleton,  were  made  without  the  condition  that  the  entire  sum 
should  be  secured.  This  generous  action  has  permitted  the  con- 
struction of  the  new  photometers  referred  to  above. 

If  the  subscription  succeeds,  both  telescopes  will  be  kept  in 
active  use.  The  Equatorials  will  be  employed  in  photometric 
observations  of  Jupiter's  satellites,  of  variable  stars,  and  of  the 
standards  with  which  they  have  heretofore  been  compared.  A 
chart  will  be  prepared  of  all  the  stars  in  the  immediate  vicinity 
of  the  pole,  and  standards  for  future  reference  of  star  magni- 
tudes will  be  measured.  The  two  micrometers  noted  above,  if 
they  accomplish  all  they  promise,  will  open  wide  fields  of  work. 
It  is  hoped  that  observations  with  them  may  be  reduced  to  a 
routine,  and  the  work  of  the  large  telescope  carried  late  into  the 
night  by  observers  employed  for  this  purpose  only.  Next 
autumn,  special  attention  will  probably  be  paid  to  the  planet 
Mars,  which  will  then  be  more  favorably  situated  for  obser- 
vation than  will  again  be  the  case  for  many  years.  An 
extended  plan  of  work  has  been  laid  out  for  the  Meridian 
Circle.  It  is  proposed  to  determine  the  absolute  positions  of  a 
series  of  standard  stars,  independently  of  previous  observations. 
The  errors  now  carried  from  one  catalogue  to  another  will  thus 
be  eliminated.  This  will  involve  observations  at  short  intervals 
during  a  greater  portion  of  the  day  and  night.  The  reduction 
of  the  work  with  both  instruments  will  be  kept  up  with  the 
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observations,  as  far  as  possible.  It  is  hoped  that  at  no  distant 
day  the  past  observations  will  be  published,  and  new  volumes 
of  Annals  issued  within  a  few  months  of  the  completion  of  the 
observations. 

It  constantly  happens  that  accurate  measures  of  length  are 
required  in  various  portions  of  our  astronomical  work.  The 
Prime  Vertical  Room  is  well  adapted  for  this  purpose,  and 
will  probably  be  fitted  up  for  it.  At  present,  it  is  used  only 
for  storing  the  duplicates  of  the  Library,  and  other  works  not 
often  consulted. 

To  recapitulate :  Both  telescopes  have  been  in  constant  use, 
the  distribution  of  standard  time  has  been  extended,  and  much 
progress  has  been  made  in  the  reduction  of  the  past  observa- 
tions ;  but  the  present  income  of  the  Observatory  will  not 
permit  this  rate  of  work  to  be  maintained.  An  increase  of  five 
thousand  dollars  a  year  for  five  years  has  been  solicited,  and  if 
obtained  will,  during  that  time,  more  than  double  the  scientific 
results  of  the  Observatory,  whose  endowment,  grounds,  build- 
ings, instruments,  and  library,  represent  a  sum  of  more  than 
$300,000.  But  little  remains  to  be  promised  in  order  to  secure 
the  whole.  If  this  can  be  done,  rapid  progress  can  be  made  in 
the  publication  of  the  accumulated  mass  of  past  observations, 
which  are  in  danger  of  destruction  by  fire  so  long  as  they  remain 
unprinted ;  and  an  activity  can  be  maintained  throughout  the 
institution  commensurate  with  its  reputation  at  home  and 
abroad. 

EDWARD  C.  PICKERING. 
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ON  TWO  FORMS  OF  COMPARATORS  FOR  MEASURES 

OF  LENGTH. 

BY    PROF.    W.    A    ROGERS. 

The  subdivision  of  a  given  unit  into  exactly  equal  parts, 
is  a  problem  of  extreme  difficulty,  and  the  difficulty  rapidly 
increases  with  the  length  of  the  unit  to  be  divided.  The 
measurement  of  the  subdivisions,  presents  almost  equal  difficul- 
ties, though  of  a  somewhat  different  character. 

Two  methods  offer  themselves  for  the  solution  of  the  prob- 
lem: 

i.  We  may  assume  the  smallest  subdivision  to  be  an  aliquot 
part  of  the  entire  unit,  and  then  obtain  that  unit  by  successive 
increments  of  this  constant  quantity.  If  the  number  of  sub- 
divisions is  large,  it  will  be  found  practically  impossible  to 
measure  and  repeat  this  constant  with  sufficient  accuracy  to 
obtain  the  whole  unit  with  the  required  precision.  Suppose, 
for  example,  we  require  the  meter — even  granting  that  the  true 
value  of  the  millimeter  could  be  found,  it  would  still  be  im- 
possible to  get  an  exact  value  of  the  meter  by  iooo  repetitions. 

An  error  of  only  one  ten-thousandth  of  a  millimeter  in  the 
assumed  value  will,  in  the  whole  meter,  amount  to  one  tenth  of 
a  millimeter  .Through  unavoidable  accidental  errors,  the  final 
deviation  from  an  exact  meter  would  doubtless  exceed  this 
amount.  A  fundamental  objection  to  this  method  is  found  in 
the  fact  that  so  much  time  would  be  required  to  complete  the 
measurements,  that  the  changes  introduced  through  a  variation 
of  the  temperature  could  not  be  neglected. 

2.  We  may  assume  the  entire  unit,  and  then  obtain  the  sub- 
divisions according  to  the  following  scheme: 

(a)  Subdivision  into  2  equal  parts. 
(/>)  Subdivision  into  4  equal  parts. 

(c)  Subdivision  into  5  equal  parts. 

(d)  Subdivision  into  10  equal  parts. 


The  fundamental  principle  which  must  govern  the  construc- 
tion of  a  comparator,  is  the  requirement  that  these  large  sub- 
divisions shall  be  easily  made  with  great  precision  and  within 
so  short  a  time  that  the  effect  of  a  slight  change  of  tempera- 
ture can  be  neglected.     As  a  check  we  have: 

(c)=2#  (a). 
(</)  =  *(<). 
(<0=5  («)• 

(rf)  =  2#  (6). 

When  th^  relations  between  the  subdivisions  into  10  equal 
parts  have  been  found,  each  one  of  these  tenths  may  be  again 
subdivided  as  before,  without  danger  of  accumulating  either 
accidental  or  systematic  errors,  or  even  errors  which  would  be 
introduced  through  a  change  of  temperature,  if  not  more  than 
ten  or  fifteen  minutes  is  required  for  the  entire  operation.  The 
writer  has  found  that  for  air  contact  with  a  long  bar  of  metal, 
whether  of  iron,  brass,  or  steel,  a  change  of  several  degrees  in 
the  temperature,  as  indicated  by  a  thermometer  in  air,  requires 
over  thirty  minutes  to  produce  a  perceptible  change  in  the 
length. 

When  we  reach  those  subdivisions  which  fall  within  one  field 
of  the  microscope  it  would  seem  better  to  modify,  in  some  re- 
spects, the  requirements  which  should  govern  the  construction 
of  a  comparator. 

The  ordinary  method  of  measuring  short  lengths  is  either 
by  means  of  an  eye-piece  micrometer,  in  which  the  lines  in  the 
focus  of  the  ocular  are  ruled  on  glass,  or  with  the  ordinary 
filar  micrometer.  There  are  quite  a  large  number  of  microm- 
eters of  the  latter  class  in  use  in  this  country.  The  one 
which  I  have  used  with  great  satisfaction  was  loaned  to 
me  for  some  experiments  by  Mr.  F.  Habirshaw,  of  New  York. 
It  was  made  by  R.  &  J.  Beck,  and  is  excellent  in  every  way.  I 
believe  Powell  &  Leland  also  make  excellent  micrometers  of 
this  class.  I  am  not  aware  that  any  American  maker  has  given 
attention  to  this  important  adjunct  of  the  microscope. 

These  two  methods  of  measuring  short  lengths  are  both 
open  to  two  serious  objections,  both  of  which  are  inherent  in 
the  method  of  construction  and  use.  First,  even  with  a  %  ob- 
jective one  is  limited  to  a  field  not  much  exceeding  #  mm., 
and  secondly,  in  neither  case  can  the  contact  of  the  lines  of 


the  eye-piece  with  the  lines  under  the  objective  be  made  in  the 
center  of  the  field. 

These  two  forms  of  micrometers  for  measurements  of  short 
lengths  are,  I  think,  the  only  kinds  in  use  in  this  country. 
Abroad,  however,  a  micrometer  screw  which  carries  the  object 
to  be  measured  in  a  plane  perpendicular  to  the  line  of  colli- 
mation  of  the  microscope  is  in  frequent  use.  The  screw  has  a 
divided  head,  from  which  the  magnitude  of  the  space  measured 
is  read  directly.  The  writer  has  seen  only  the  form  made  by 
Merz  &  Son,  of  Munich. 

The  introduction  into  this  country  of  this  form  of  a  compara- 
tor for  short  lengths  is  due  to  Mr.  Leonard  Waldo,  assistant 
in  Harvard  College  Observatory.  During  his  visit  to  the  con- 
tinent, in  the  summer  of  1877,  he  purchased  of  Merz  &  Son 
two  of  these  comparators.  One  of  them  he  attached  to  a 
grand  stand  by  Crouch,  constructed  upon  a  special  order,  with 
reference  to  great  stability.  It  is  described  in  a  paper  on 
"Measures  of  Short  Lengths,"  printed  in  the  Proceedings  of  the 
American  Academy  of  Science  and  Art,  Vol.  XIII.,  page  352.  The 
other  one  was  bought  for  the  physical  laboratory  of  Professor 
John  Trowbridge,  and  was  kindly  loaned  to  me  by  him  for 
some  experiments.  It  was  fitted  to  the  Tolles  stand,  shown 
in  Fig.  8.     It  is  marked  A  in  the  drawing. 

It  was  found,  after  a  somewhat  extended  trial,  that  this 
comparator  answered  the  purpose  of  its  construction  admir- 
ably, simply  as  a  comparator,  in  which  the  same  part  of  the  screw 
was  used  to  compare  different  spaces,  but  it  was  found  inade- 
quate to  the  measurement  of  absolute  lengths  in  terms  of  the 
screw.  It  will  be  seen  from  the  cut  that  the  screw  passes 
through  a  short  nut  (a).  As  the  plate  which  carries  the  object 
to  be  measured  is  held  against  the  oval  end  of  the  screw  by 
parallel  springs,  which  have  a  maximum  tension  of  four  pounds, 
the  screw  has  an  inevitable  tendency  to  wabble,  as  the  leverage 
becomes  greater  by  running  the  screw  out  its  entire  length. 

In  order  to  remedy  these  defects,  Mr.  Geo.  B.  Clark,  of  the 
firm  of  Alvan  Clark  &  Sons,  constructed  for  me  a  comparator 
of  the  design  shown  in  the  accompanying  illustration.  The 
comparator  proper  consists  of  a  bed-plate,  within  which  is 
fitted  a  slide,  carried  by  the  precision  screw  b.  The  object 
to  be  measured  is  held  in  position  upon  the  moving  plate  by 
the  clips  shown  in  the  cut.     Instead  of  two  parallel  springs 


there  is  a  single  cord  attached  to  the  center  of  the  moving 
slide,  which  runs  on  the  guide  pulley  (</),  and  is  attached  to  a 
spring,  not  shown  in  the  cut,  which  is  fastened  to  a  pin  on 
the  back  side  of  the  bed,  a  little  to  the  right  of  and  below  b. 
The  action  of  the  spring,  therefore,  is  wholly  in  the  line  of 
the  screw,  and  as  the  direction  of  the  cord  falls  a  little  below 
the  motion  of  the  slide,  it  has  a  slight  tendency  to  keep  the 
slide  in  contact  with  its  seat  without  introducing  friction. 
The  screw  (c)  moves  the  whole  bed-plate,  including  the  pre- 
cision screw  (b).  The  whole  comparator  has  a  circular  move- 
ment in  the  socket  (/),  attached  to  the  original  sub-stage  (e) 
of  the  microscope.  The  Beck  filar  micrometer  is  shown  at 
ht  and  an  eye-piece  with  a  micrometer,  having  some  advantages 
over  the  usual  form,  is  shown  at  /'.  Slow  motion  to  the  tube 
is  given  through  the  lever  g. 

The  operation  of  using  the  comparator  is  as  follows : 

After  the  slide  containing  the  graduations  to  be  compared 
has  been  placed  in  proper  position  under  the  objective,  with 
the  right  hand,  the  screw-head  (b)  is  set  at  the  zero  of  position; 
with  the  left  hand,  line  i  is  brought  in  contact  with  a  single 
line  of  the  eye-piece  micrometer;  with  screw  b9  line  2  is 
brought  in  contact  with  the  fixed  line  of  the  eye-piece  microm- 
eter, and  the  number  of  revolutions  and  parts  of  a  revolution 
are  read  off.  Screw  b  is  then  brought  back  to  zero,  and  the 
setting  is  made  on  line  2  by  means  of  the  screw  c.  In  moving 
over  the  space  from  line  2  to  line  3,  with  the  screw  b9  it  will  be 
seen  that  the  same  part  of  the  screw  is  used  as  in  going  from  line 
1  to  line  2.  Hence,  the  comparison  of  these  two  spaces  is 
independent  of  the  errors  of  the  comparing  screw. 

The  number  of  spaces  which  can  be  compared  in  this  way 
is  only  limited  by  the  length  of  the  screw  r,  and  the  length 
of  the  opening  through  the  bed-plate. 

Again,  suppose  we  measure  the  spaces  1,  2,  3,  4,.  .100,  by  a 
continuous  forward  motion  of  the  screw.  Such  measures  will 
involve  all  the  errors  of  the  screw  itself.  But  if  after  the 
measures  are  made,  we  set  the  screw  b  back  at  zero,  turn  the 
ruled  plate  around  180°,  and  set  on  line  100  with  screw  c,  the 
continuous  forward  motion  of  the  screw  b  from  line  100  to  line 
1  will  be  over  the  same  part  of  the  screw  as  from  line  1  to  line 
100.  In  the  first  case,  the  screw  measures  the  accumulated 
errors  of  the  ruled  plate  from  line  1  to  any  point  up  to  line 


ioo,  but  such  measures  involve  the  errors  of  the  comparing 
screw.  In  the  second  case,  the  accumulated  errors  are 
measured  in  the  same  way  from  line  ioo  to  line  i.  But  if  we 
subtract  the  measures  from  line  1  to  line  ioo  from  the  corre- 
sponding measures  from  line  ioo  to  line  i,  the  difference  will 
give  twice  the  accumulated  errors  at  any  point,  independent  of 
the  errors  of  the  comparing  screw.  The  only  exception  to  this 
rule  is  found  when  the  curve  of  errors  takes  a  wave  form.  In 
a  general  way,  this  will  be  the  case  when  the  maximum  error 
falls  near  line  25,  and  the  minimum  near  line  75. 

As  an  illustration  of  the  character  of  the  work  which  may 
be  done  with  a  comparator  of  this  form,  I  give  the  measures  of 
five  standard  micrometers,  ruled  at  different  times.  As  these 
micrometers  are  somewhat  different  in  form  from  any  with  which 
the  writer  is  acquainted,  a  brief  description  will  be  necessary. 

I.  A  half  inch  is  divided  into  50  equal  parts,  the  1st,  25th 
and  50th  spaces  being  again  subdivided  into  10  equal  parts. 
The  length  of  the  lines  is  about  one-eighth  of  an  inch,  the  5th 
and  10th  lines  being  a  little  longer. 

II.  After  arranging  the  position  of  the  ruling  carriage,  so 
that  the  lines  of  the  second  series  of  graduations  should  begin 
near  the  point  where  those  of  the  first  end,  coincidence  is  made 
mechanically  with  the  first  line  of  the  series  already  ruled. 
For  a  short  distance  the  ruling  point  goes  over  the  same 
ground  twice.  A  centimeter  is  then  subdivived  into  10  equal 
parts.  The  1st,  5th,  and  10th  spaces  are  again  subdivided  into 
10  equal  parts,  and  one  of  the  middle  subdivisions  is  still 
further  subdivided,  giving  .01  mm.  Near  by  is  a  band  of  21 
lines,  each  space  being  equal  to  .001  mm. 

The  first  five  columns  of  the  following  table  give  the 
number  of  divisions  of  the  comparing  screw  corresponding  to 
each  space  of  .01  inch.  The  values  for  No.  7  are  the  mean  of 
two  readings.  The  remaining  values  represent  single  measures. 
The  mean  values  given  in  the  sixth  column,  without  doubt, 
nearly  represent  the  actual  errors  of  ruling,  the  accidental 
errors  of  measuring  being  nearly  eliminated  in  taking  the 
mean  of  the  corresponding  measures  of  the  separate  plates. 

The  last  column  represents  the  accumulated  errors  at  every 
point  between  line  1  and  line  50,  expressed  in  millionths  of  an 
inch.  With  the  sign  given,  the  values  represent  corrections  to 
the  corresponding  spaces: 


Measures  of  50  Spaces.    Each  Space— .01  Inch. 
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799° 

79  95 
80.00 

80.03 

80.00 

79  97 

79.89 

79  96 

79  94 

79  93 

79.94 
80.00 

7993 
80.00 

79  97 
79.98 

79.98 

79.98 

7993 
79.95 
79-99 

7997 


o 
Z 


80.03 
80.OO 

79.83 
79  85 
80.OO 

7994 
80.00 

79.98 

80.OO 

79  93 

7999 
80.00 

79-94 
80.00 

7990 

7992 
8001 

7992 
80.00 
79.90 
79  98 
79  97 
7996 

7997 
80.00 
80.03 

80.00 
80.00 
80.03 
80.05 

7996 
80.04 

8000 

80.06 

79-88 

80.00 

80.00 

80.02 

80.03 

79  93 

80.00 

79.91 
80.00 
8000 

7998 
80.00 

7998 

79  95 
8a  00 

79-97 

7998 


a 
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80.00 

79-93 
79.94 

79  95 
80.02 

79-99 
79  94 
80.00 

80.00 
79.96 
79.94 
79  99 
7996 
80.02 

7996 

79  98 

79  99 

7995 

79-95 

79-94 

7999 
79.92 

79  92 

79  97 
80.00 

79.99 

7999 

79  97 
80.00 

80.03 

79  97 

79  97 
80.01 

80.01 
7998 
7998 
79  97 
79.96 
80.04 

7992 
80.01 

79  94 

79  99 

79  99 

7999 

79.99 
80.00 

7995 
79  96 
7996 

7998 


U  O 


t 


—  03 

+.05 

-4-.03 

+•03 
—.05 

— .01 

+  03 

— .02 

—.03 

+  .02 

+  03 

—.01 
-+-.01 

—.04 
+.02 
— .01 
—.01 

+.03 
.02 

.04 

—.02 

--.06 

—.05 

--.01 

—.03 
—.01 
—.02 

+.01 

—  03 
—.05 

+.00 
+.01 

-.03 
—.03 
—.01 

+.00 
-KOI 
+.02 
—.06 

+.05 

—  03 
+.03 
—.02 

—.01 
—.02 

—.01 

—.03 

02 

.01 

+.01 


J.1 

.a  c 

us 


t 


—4 
-4-6 

+4 
+4 
—6 
— 1 

+4 

— 2 

—4 

+2 

+3 
— 1 

+1 
—4 
+2 
— I 
— 1 

+4 
+3 
+5 
—3 
+7 
+6 

+1 
—4 
—  1 

— 2 

+1 
—4 
—6 

+0 

+1 
—4 

-3 
— 1 

+0 
+1 
+3 
—7 
+6 
—4 

-4-4 

— 2 

— I 

— 2 
— I 

—4 

+2 

+  1 
+  1 


9  e  «* 

hi 

o 


—4 

--2 

--6 
--10 

--4 
--3 

--7 

--5 
-+-1 


-5 

--6 

--2 

--4 

—3 
--2 

--6 

--9 
--14 

--11 

--18 

--24 
—25 

--2I 
--20 
--l8 

+  19 

-H5 

9 

+!° 

+6 
4-3 

+2 

+2 

+6 
— 1 


t 


+5 
--i 

--5 
--3 

1 

—5 

—3 

— 2 

— 1 


One  division  =.00012504  inch. 


MEASURES  OF  MILLIMETER  DIVISIONS. 


Divisions  of  Comparator. 

J! 

.-| 

^ 

■ 

J 

i 

hi 

li 

l 

1 

I 

1 

u 

E 

| 

§ 

8 

tJ 

^1 

Z 

Z 

2 

1 

E 

s 

8 

*s 

i  !  3M.S7 

3I4-98 

314.87 

nts 

315.00 

3IS-03 

314.96 

-■03 

_, 

~ 

»     314.8s 

3M-98 

314.93 

314.9° 

+.03 

+1 

t° 

3     3'4-9° 

3-485 

314-95 

315.00 

315.02 

3'4-94 

+° 

4  j  314.95 

315.06 

3  "5- °5 

315-08 

3'4-98 

31502 

—  09 

—3 

—3 

6     314-88 

3>4-83 

3  "4-85 

31490 

314-97 

3'4.S9 

+.05 

+* 

314-85 

31486 

314-93 

314-90 

3'4  88 

+.05 

+1 

+1 

7  .  3'4  93 

3"4.9a 

3I4-93 

314.90 

314-98 

314.93 

+.00 

+° 

+1 

8     3M97 

314-98 
314.85 

3M-95 

315.00 

3'4-9i 

314.0 

—  03 

£ 

9  ,  314-86 

3'5°° 

314.98 

3U9a 

314-92 

ts 

+0 

10     31+95 

3«4.85 

3  "4-97 

3'4  90 

3M95 

3'4-92 

+■ 

!  314-9' 

3«4-90 

3H.93 

314-97 

314  96 

314-93 

One  division"».ooo3i75  cm, 

It  will  be  seen  that  the  individual  errors  of  graduation  are 
practicably  insensible.  It  is  not  supposed  that  the  figures 
which  represent  millionths  of  an  inch  are  reliable  to  the  last 
unit.  They  are  given  in  the  sixth  decimal  place  in  order  to 
make  sure  of  the  figure  in  the  fifth  place. 

It  is  now  to  be  noted  that  the  errors  thus  obtained  are  entirely 
relative  errors.  They  give  no  indication  whateverof  theabsolute 
value  of  any  of  the  spaces  measured.  If  the  entire  length  of  the 
half  inch  is,  e.g.,  .001  inch  too  long,  to  each  of  the  corrections 
given  in  the  table,  must  be  applied  still  further  the  correction, 
.000020  inch. 

It  is,  therefore,  necessary  to  make  a  careful  investigation  of 
the  entire  length  of  the  half  inch  and  of  the  centimeter. 

This  is  done  with  a  comparator  adapted  to  the  comparison 
of  spaces,  ranging  from  coincidence  to  an  entire  yard  or  an 
entire  meter.  Comparators  of  this  class  are  usually  con- 
structed with  two  sliding  plates,  each  carrying  its  own  micro- 
scope. A  fundamental  objection  to  this  form  is  found  in  the  fact 
that  the  microscopes  cannot  be  brought  much  nearer  together 
than  three  inches,  by  any  direct  means.  For  lack  of  space  and 
of  illustrations,  only  a  general  description  of  the  form  which 
the  writer  has  had  constructed,  can  be  given  here.     It  consists 
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of  an  iron  bed,  60  inches  long  and  14  inches  wide.  V-shaped 
grooves,  6  inches  apart,  run  th«  entire  length.  In  the  center 
of  the  bed,  a  fine-toothed  rack  reaches  from  end  to  end.  Two 
sliding  plates  are  carried  along  the  ways  by  means  of  a  pinion 
set  in  the  center  of  the  plates,  and  working  so  loosely  in  the 
rack  that  the  slides  are  free  to  follow  the  law  of  gravity.  A 
microscope  is  attached  to  each  plate,  giving  the  form  usually 
adopted.  Instead  of  two  microscopes,  however,  it  is  found 
better  to  use  but  one.  The  microscope  plate  is  followed  on 
either  side  by  plates  terminating  in  tempered  steel  stops, 
which  are  at  will  either  made  free  or  clamped  firmly  to  the 
bed  of  the  comparator.  If  one  wishes  to  compare  two  meters, 
the  method  of  proceeding  is  as  follows: 

(a)  One  stop  is  set  at  or  near  one  end  of  the  bed. 

(b)  The  meter  with  which  comparison  is  to  be  made  is  placed 
in  position  under  the  microscope,  so  that  contact  is  made  be- 
tween the  end  line  and  the  zero  line  of  the  eye-piece  micrometer. 

(c)  The  microscope  plate  is  then  moved  by  means  of  the 
rack  and  pinion  till  the  other  end  line  forms  contact  with  the 
zero  line  of  the  micrometer. 

(d)  The  second  stop  is  then  brought  up  against  the  other 
end  of  the  plate  and  adjusted  so  that  when  contact  takes  place 
between  the  stops,  contact  also  takes  place  between  the  end 
line  and  the  zero  line  of  the  micrometer. 

(e)  Having  made  the  adjustment  of  the  stops  perfect,  the 
meter  to  be  compared  is  then  placed  in  position.  When  contact 
is  made  with  the  first  stop,  by  mechanical  adjustment,  the  end 
line  is  brought  in  contact  with  the  zero  line  of  the  micrometer. 
The  microscope  plate  is  then  brought  into  contact  with  the 
second  stop.  If  the  other  end  line  is  now  in  coincidence  with 
the  zero  line  of  the  micrometer,  the  two  meters  have  the  same 
length.  By  noting  the  number  of  divisions  which  the  end  line 
|alls  short  of,  or  passes  beyond  the  zero  line  of  the  micrometer, 
the  difference  in  the  entire  length  can  be  found  ;  the  only 
element  yet  unknown  being  the  value  of  one  division  of  the 
micrometer. 

After  the  comparison  has  been  made,  it  is  better,  or  a  matter 
of  precaution,  to  again  compare  the  standard  with  the  distance 
between  the  stops.  Since  the  stops  can  be  set  in  actual  con- 
tact with  the  microscope  plate  at  either  end,  it  is  obvious  that 
this  method  admits  of  a  comparison  of  short  spaces  as  well  as 
of  long  ones.      The  only  criticism  which  I  imagine  will  be 


urged  against  this  form  of  construction,  is  that  founded  on  a 
doubt  whether  the  contact  between  the  stops  always  indicates 
the  same  measured  space.  The  arm  of  the  pinion  has  a  head 
of  about  2}£  inches  in  diameter.  In  my  own  case  the  sense  of 
touch  has  been  so  far  cultivated  that  I  am  able  to  make  ioo 
successive  contacts  without  a  single  deviation  exceeding 
.000035  inch,  and  very  few  deviations  reach  .000010  inch.  A 
comparator  of  this  form  possesses  one  decided  advantage  over 
all  others,  viz.,  that  after  the  stops  are  once  set,  any  adjustment 
of  the  microscope  may  be  made  without  interfering  with  the  compari- 
son. The  only  condition  required  is  that  the  relation  between 
the  stops  and  the  bed  shall  remain  unchanged  during  the  short 
time  required  for  the  comparison.  This  does  not  usually  take 
over  10  minutes. 

In  order  to  compare  separate  subdivisions  of  the  same 
standard  we  proceed  as  follows: 

The  stops  are  set,  e.  g.9  equal  to  1  decimeter.  After  the  read- 
ing of  the  first  decimeter  has  been  taken,  as  indicated  above, 
the  bar  is  then  moved  along  till  the  first  line  of  the  second 
decimeter  forms  a  contact  with  the  zero  of  the  eye-piece  mi- 
crometer, when  at  the  same  time  contact  is  formed  with  the 
first  stop.  Moving  the  plate  to  the  second  stop  the  reading  for 
the  second  decimeter  is  taken.  A  comparison  of  the  several 
values  obtained  with  the  mean  value,  will  show  how  much  each 
is  in  error,  provided  the  entire  length  is  correct. 

For  the  present,  all  standards  of  length  made  by  the  writer 
will  be  referred  to  a  line  yard  and  meter  bar,  constructed  by 
the  U.  S.  Coast  Survey  for  Stevens'  Institute,  Hoboken,  and 
very  kindly  loaned  to  me  by  Professor  Mayer.  It  is  marked 
Y.  &  M.,  No.  2. 

Professor  J.  E.  Hilgard,  Assistant  in  charge  of  the  U.  S. 
Coast  Survey  Office,  has  kindly  communicated  to  me  the  state- 
ment that  the  yard  is  standard  at  620  F.  It  was  constructed  from 
the  yard  known  as  "  Bronze  n.M  The  meter  was  constructed 
from  the  iron  meter  in  the  possession  of  the  Coast  Survey, 
which  was  one  of  four  bars  from  which  the  platinum  bar  of 
the  Archives  was  constructed.  It  is  believed  to  be  the  only  one 
of  the  originals  now  in  existence.  There  is  still  some  doubt 
about  the  exact  temperature  at  which  copies  of  this  bar  are 
standard.  It  is  somewhere  between  67 °  and  690  F.  A  careful 
series  of  comparisons  made  at  the  Coast  Survey  Office  during 
the  Summer  of  1878  gave  67.7 °. 


The  bar  which  I  have  for  the  present  adopted  as  a  standard 
is  of  steel,  and  has  the  yard  and  its  subdivisions  on  one  side  of 
the  edge,  and  the  meter  and  its  subdivisions  on  the  other.  The 
bar  is  40^4  inches  long,  1%  inches  deep,  and  J4  inch  wide. 

COMPARISON    OF    THE   STEEL   YARD    WITH    THE   STANDARD. 

Both  the  steel  bar  and  the  brass  standard  were  placed  in  a 
wooden  trough,  with  their  graduated  surfaces  nearly  in  the 
same  horizontal  plane.  The  stops  were  set  to  correspond 
nearly  to  the  end  lines  of  the  standard,  after  the  trough  had 
been  filled  with  water  having  nearly  the  temperature  of  6a°  F. 
The  temperature  of  the  room  was  then  brought  up  to  such  a 
point  that  after  several  hours  the  thermometer  immersed  in 
water  indicated  62°.  The  following  comparisons  were  then 
made: 


II 

Series.        Thermometer.  Stbbl  Yard  too  Long. 

I.  61.0  .00134  inch. 

II.  6l. I  .OOI46 

III.  6l. I  .OOI32 

IV.  64.  i  .00065 

V.  66.8  .00047 

VI.  68.3  .00025 

VII.  68.5  .00031 

In  order  to  get  the  error  at  620  we  may  assume  : 


134=0- 


146=0+   .id 
132=0+   .id 

65=0  +  3.1^ 

47=0  +  5.8* 

25=0+7.3* 

31=0  +  7.5* 

Solving  by  least  squares,  we  get : 

0=+i3i 
*=— 17 

For  620  we  have  for  the  error  (E): 

E=0+i.o* 
=131  —  i7=+ii4 

At  620,  therefore,  the  steel  yard  is  : 

.00114  inch  too  long. 

COMPARISON    OF   STEEL    METER    WITH    THE    STANDARD. 

Series  I.  Steel  meter  was  found  to  be  .000050  cm.  too  long 
at  68.6°. 

Series  II.  Steel  meter  was  found  to  be  .000008  cm.  too  short 
at  68.70. 

On  account  of  the  doubt  still  remaining  with  regard  to  the 
temperature  at  which  the  brass  meter  is  standard,  it  will  be 
assumed  for  the  present  that  the  two  standards  have  the  same 
length. 

Comparison  of  decimeter  divisions  of  steel  bar  : 

Spaces.  Corrections. 


I 

+  000170  cm. 

2 

+  000178 

3 

—000050 

4 

+  000000 

5 

+  000050 

6 

—0001 14 

7 

+  000093 

8 

—000253 

9 

+  000040 

10 

—0001 12 

12 

Since  the  fourth  decimeter  has  no  correction,  this  space  was 
chosen  for  an  examination  of  the  centimeters  composing  it. 
The  following  errors  were  found  : 

Cm.  Spaces.      Corrections. 

i    —.00029  cm. 

2  —.OOO08 

3  —.OOO33 

4  +.OOO38 

5  +  .OO082 

6  —.00090 

7  -f  .00033 

8  4-  .00008 

9  —  .00096 

10  -f  .00104 

By  applying  these  corrections,  any  one  of  these  centimeters 
becomes  a  standard  with  reference  to  the  standard  chosen. 

The  steel  bar  is  now  replaced  in  the  water-bath,  and  com- 
parison is  made  directly  with  any  centimeter  whose  value  is 
desired.  Comparing  with  space  2  and  space  8,  the  error  of 
No.  12  of  the  above  series  was  found  to  be  as  follows  : 

Compared  with  space  2  at  68°,  No.  12  is  .000019  cm.  too  long. 

Compared  with  space  8  at  61  °,  No.  12  is  .000005  cm.  too  long. 

When  the  last  degree  of  precision  is  required,  the  stops 
should  be  set  independently  for  each  centimeter  of  the  stand- 
ard bar,  with  its  proper  correction  applied,  and  the  centimeter 
whose  value  is  desired  should  then  be  compared  with  the  dis- 
tance between  the  stops  in  each  case. 

Finally,  we  have  a  severe  test  of  the  accuracy  of  the  graduation 
in  the  value  of  the  centimeter  in  terms  of  the  inch.  The  end 
line  of  the  centimeter  falls  between  line  39  and  line  40  of  the 
inch.  The  following  measures  give  the  distances  from  line  39 
to  the  end  line  of  the  centimeter: 

Div.  op  In  parts  op 

Comparator.        Centimeter 

No.  7  =  29  56  —  .003696 
8  =  29.74  =  .003719 

10  =  29.72  =  .OO3716 

11  =  29.56  =  .OO3696 

12  =     29.64    as    .OO3706 

Mean,  .003707 

The  value  of  the  centimeter  In  terms  of  the  inch  is 

1  cm.=  393707  inch. 

The  value  generally  given  is 

.3937o8 

» 

Since  the  value  obtained  involves  the  mechanical  error  of 
making  a  coincidence  between  the  first  lines,  this  agreement 
is  rather  more  close  than  ought  to  be  expected. 

Harvard  College  Observatory. 
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XV. 


ON  THE  PRESENT  STATE  OF  THE  QUESTION  OF 

STANDARDS  OF  LENGTH. 

By  W.  A.  Rogers. 

Praientwl  April  14, 1880. 

It  is  not  my  intention  in  this  paper  to  enter  into  a  minute  account 
of  the  construction  and  comparison  of  the  various  standards  of  length 
which  have  been  made  the  basis  of  measurements,  either  in  trigo- 
nometrical surveys  of  the  earth's  surface,  or  in  more  strictly  physical 
investigations.  Many  of  these  possess  a  certain  historical  interest, 
even  when  they  have  but  little  inherent  value.  For  information  of 
this  kind,  the  reader  is  referred  to  the  references  at  the  end  of  this 
paper. 

I  shall  confine  myself  to  a  consideration  of  those  standards  of  length 
which  are  in  actual  use,  and  which  have  the 'authority  and  sanction  of 
either  national  or  international  law. 

Three  natural  units  have  been  proposed  as  the  basis  of  a  standard 
of  length,  as  follows :  — 

I.*  The  length  of  a  pendulum  beating  seconds  in  a  vacuum  at  the 
level  of  the  sea  in  the  latitude  of  London. 

IL  One  ten-millionth  part  of  a  quadrant  of  the  earth's  surface. 

III.  The  length  of  a  wave  of  light  of  given  refrangibility. 

It  is  generally  supposed  that  the  yard  of  Great  Britain  was  founded 
upon  the  first  of  the  natural  units  named,  but  it  will  be  seen  from  the 
act  of  Parliament  legalizing  the  standards  prepared  by  the  Royal  Com- 
mission, signed  June  17,  1824,  that  the  reference  of  the  standard  of 
length  to  this  unit  refers  to  its  restoration  in  case  of  loss  or  destruction, 
and  not  to  its  original  construction.  Notwithstanding  many  experi- 
ments were  made  at  this  time  by  Kater  and  others  for  the  purpose  of 
ascertaining  the  length  of  the  standard  expressed  in  terms  of  the 
length  of  a  seconds  pendulum,  the  yard  actually  legalized  was  con- 
TOL.  zt.  (jt.  •.  viz.)  18 
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etructed  from  Graham's  scale  by  Bird,  in  1760.    It  is  marked, "  Stand- 
ard 1760." 

The  reason  assigned  for  selecting  Bird's  "Standard  1760"  was  its 
close  agreement  with  Shuckburgh's  scale  (0-36in>),  made  by  Trough- 
ton  in  1798,  with  which  the  pendulum  and  the  meter  had  been  com- 
pared, and  of  which  a  fac-simile  was  known  to  exist  at  Geneva.  It  is 
interesting  to  note,  in  passing,  that,  previous  to  Shuckburgh,  all  trans- 
fers were  made  by  means  of  beam  compasses,  and  all  comparisons  were 
made  in  the  same  way.  The  first  use  of  optical  means  of  comparison 
must  be  credited  to  Trough  ton  in  1798,  when  he  transferred  Bird's 
scale  for  Shuckburgh.  The  following  is  the  act  legalizing  the  stand- 
ards :  — 

"  Section  I.  Be  it  enacted  .  .  .  that  from  and  after  the  first  day 
of  May  one  thousand  eight  hundred  and  twenty-five,  the  Straight  Line 
or  Distance  between  the  Centres  of  the  Two  Points  in  the  Gold  Studs 
in  the  Straight  Brass  Rod,  now  in  the  Custody  of  the  Clerk  of  the 
House  of  Commons,  whereon  the  Words  and  Figures  '  Standard  Yard 
1760 '  are  engraved,  shall  be  and  the  same  is  hereby  declared  to  be  the 
original  and  genuine  Standard  of  that  Measure  of  Length  or  lineal 
Extension  called  a  Yard ;  and  that  the  same  Straight  Line  or  Distance 
between  the  Centres  of  the  said  Two  Points  in  the  said  Gold  Studs  in 
the  said  Brass  Rod,  the  Brass  being  at  the  temperature  of  Sixty-two 
Degrees  by  Fahrenheit's  Thermometer,  shall  be  and  is  hereby  denomi- 
nated the  '  Imperial  Standard  Yard.'  .... 

"  Section  III.  And  whereas  it  is  expedient  that  the  said  Standard 
Yard,  if  lost,  destroyed,  defaced,  or  otherwise  injured,  should  be  restored 
to  the  same  Length  by  reference  to  some  invariable  natural  Standard  ; 
And  whereas  it  has  been  ascertained  by  the  Commissioners  appointed 
by  His  Majesty  to  inquire  into  the  subject  of  Weights  and  Measures, 
that  the  said  Yard  hereby  declared  to  be  the  Imperial  Standard  Yard, 
when  compared  with  a  Pendulum  vibrating  Seconds  of  Mean  Time  in 
the  Latitude  of  London  in  a  Vacuum  at  the  Level  of  the  Sea  is  in  the 
proportion  of  Thirty-Six  Inches  to^  Thirty-Nine  Inches  and  one  thou- 
sand three  hundred  and  ninety-three  ten-thousandth  Parts  of  an  Inch : 
Be  it  therefore  enacted  and  declared,  That  if  at  any  Time  hereafter  the 
said  Imperial  Standard  Yard  shall  be  lost  or  shall  be  in  any  Manner 
destroyed,  defaced,  or  otherwise  injured,  it  shall  and  may  be  restored 
by  making  a  new  Standard  Yard,  bearing  the  same  Proportion  to  such 
Pendulum  as  aforesaid  as  the  said  Imperial  Standard  Yard  bears  to 
such  Pendulum." 

On  the  16th  of  October,  1834,  both  houses  of  Parliament  were  con- 
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sained  by  fire.  The  bar  of  1760  was  recovered,  but  in  a  condition 
which  rendered  it  useless  as  a  standard,  one  of  the  gold  plugs  having 
been  melted  out.  It  now  became  necessary  to  decide  whether  it  should 
be  restored  in  accordance  with  the  act  of  June  17,  1824.  Since 
the  passage  of  the  act,  it  had  been  shown  that  all  the  elements 
which  were  defined  in  the  act  for  restoration  were  subject  to  some 
doubt  Dr.  Young  had  shown  that  the  reduction  to  the  level  of  the 
sea  was  doubtful.  Both  Bessel  and  Baily  had  shown  that  the  reduc- 
tion for  the  weight  of  the  air  was  erroneous.  Baily  had  thrown  doubt 
upon  the  estimated  specific  gravity  of  the  pendulum  employed,  and 
upon  the  accuracy  of  the  agate  planes,  while  Kater  himself  showed  that 
sensible  errors  had  been  introduced  in  comparing  the  pendulum  with 
Shuckburgh's  scale. 

In  view  of  these  facts,  all  attempts  to  restore  the  lost  standard  in 
accordance  with  the  act  of  June,  1824,  were  abandoned.  Instead,  it 
was  decided  to  attempt  the  restoration  of  the  lost  standard  from  the 
various  standards  which  had  been  previously  compared  with  it.  There 
were  available  for  this  purpose,  — 

Shuckburgh's  scale  (0-36ln) ; 

Shuckburgh's  scale,  with  Kater's  authority ; 

The  yard  of  the  Royal  Society,  constructed  by  Kater ; 

The  Royal  Astronomical  Society's  brass  tubular  scale ; 

Two  iron  bars,  marked  Al  and  A^  belonging  to  the  Ordnance 
Department,  and  preserved  in  the  office  of  the  Trigonometrical  Survey. 

The  restoration  of  the  standard  was  placed  in  the  hands  of  Sir 
Francis  Baily.  At  his  death,  in  August,  1844,  he  had  done  little 
more  than  complete  the  provisional  inquiries  required  before  attempt- 
ing the  final  construction.  He  had,  however,  after  many  experiments, 
decided  upon  the  material  of  which  the  new  standard  should  be  com- 
posed. It  has  since  his  time  been  known  as  Baily's  metal.  Its  com- 
position is,  copper  16,  tin  2  J,  zinc  1. 

Upon  the  death  of  Mr.  Baily,  the  work  of  restoration  was  committed 
to  the  Rev.  R.  Sheepshanks.  Sir  George  Airy,  in  his  account  of  the 
construction  of  the  new  national  standards  of  length,  has  given  an  ex- 
ceedingly interesting  communication  from  Mr.  Sheepshanks  (Philo- 
sophical Transactions,  1857,  p.  661),  detailing  the  means  he  employed 
for  the  restoration  of  the  lost  standard.  He  first  constructed  a  brass 
bar,  as  a  working  standard.  This  "  brass  bar  2  "  was  compared  with 
ail  the  standards  which  Mr.  Sheepshanks  considered  properly  available 
for  this  purpose,  with  the  following  results :  — 
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Inches.        * 

Brass  bar  2  =  36.000280  by  Shuckburgh  [10-46ln*]. 

=  36.000084  by  Shuckburgh  [0-36to-,  Kater]. 
=  36.000229  by  Kater's  scale. 
•       =  36.000303  by  At  compared  in  1834. 
=  36.000275  by  A,  compared  in  1834. 

Mean,     36.000234 
He  assumed :  — 

Brass  bar  2  =  36.00025  inches  of  the  lost  imperial  standard  at  62° 
Fahrenheit 

It  is  stated  both  in  Apple  tons'  and  in  Johnson's  Encyclopaedias  that 
the  yard  of  the  Astronomical  Society  is  the  principal  authority  upon 
which  the  new  standard  rests.  It  will  be  seen  from  the  above  that  this 
statement  is  erroneous. 

The  Imperial  Standard  Yard,  known  as  "  Bronze  19,"  or,  according 
to  the  new  nomenclature,  as  No.  1,  was  constructed  according  to  this 
equation.  It  is  made  of  Baily's  metal,  and  has  the  following  dimen- 
sions, viz. :  — 

*        Length  =  38  inches. 

Width   =    1  inch. 
Depth  =    1  inch. 

Gold  plugs  are  inserted  in  wells  sunk  one  half  of  the  depth  of  the 
bar.     The  graduations  are  on  these  gold  plugs. 

Through  the  kindness  of  Mr.  Chaney,  the  Warden  of  the  Standards, 
I  have  recently  had  the  pleasure  of  assisting  him  in  comparing  my  own 
working  standard  yard  with  this  bar.  I  have  never  seen  lines  better 
adapted  to  exact  measurements.  They  have  remarkably  smooth  edges, 
and  are  about  one  three-thousandth  of  an  inch  in  width.  Even  for  the 
most  rigid  scientific  investigations,  they  are  in  every  respect  of  unri- 
valled excellence. 

Bronze  No.  1  is  the  national  standard,  and  is  kept  in  what  is  known 
as  the  "  Strong  Room  "  of  Old  Palace  Yard.  Besides  this  bar,  four 
Parliamentary  copies  were  made,  of  which  one  copy  is  kept  at  the 
Royal  Mint,  one  is  in  charge  of  the  Royal  Society,  one  is  immured  in 
the  new  Westminster  Palace,  and  the  other  is  kept  at  the  Royal  Ob- 
servatory, Greenwich.  Forty  copies  were  prepared  on  Baily's  metal. 
Of  these  only  two  are  exactly  standard  at  62°,  viz.  Bronze  19,  and 
Bronze  28,  which  is  kept  at  the  Royal  Observatory  as  an  accessible 
representation  of  the  national  standard.  All  the  other  copies  have  an 
equation  with  respect  to  No.  1 ;  but  instead  of  giving  this  equation, 
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the  degree  at  which  each  bar  is  standard  is  given.  These  bars  have 
all  been  distributed  among  different  governments. 

The  standards  prepared  by  Mr.  Sheepshanks  were  legalized  by  act 
of  Parliament  passed  July  30,  1855. 

Two  platinum  bars  —  one  a  line-measure  and  the  other  an  end- 
measure  —  form  the  basis  of  the  metric  standard  of  length  at  present 
in  use  in  Great  Britain.    These  bars  have  the  following  dimensions :  — 


Line-Bieter. 

End-Meter. 

Length, 

41.0  inches. 

39.37  inches. 

Breadth, 

1.0 

1.00 

Thickness, 

0.211 

0.287 

The  line-meter  has  the  words  "  Royal  Society,  45,"  engraved  on  the 
under  side.  The  defining  lines  run  nearly  across  the  face  of  the  bar, 
and  there  is  no  cross  line  to  indicate  the  exact  points  from  which 
measures  are  to  be  made.  Arrows,  arbitrarily  placed,  now  indicate 
the  points  from  which  all  the  later  measures  have  been  made.  The 
lines  on  this  bar  have  become  so  obliterated  that  it  is  found  impossible 
to  see  them  with  the  method  of  illumination  formerly  in  use.  At  the 
request  of  Mr.  Chaney,  I  employed  Mr.  Crouch,  of  London,  to  con- 
struct two  new  objectives  for  the  microscopes  of  the  comparator,  to 
which  were  adapted  two  of  Tolles's  interior  illuminators  for  viewing 
opaque  objects.  The  magnifying  power  was  increased  between  five 
and  six  times,  and  the  illumination  was  so  much  improved  that  there 
was  no  difficulty  whatever  in  seeing  the  lines  of  this  bar. 

The  end-meter  has  the  words  "  Metre  a  Bouts "  engraved  on  one 
side,  and  the  words  "  Fortin  &  Paris,  Royal  Society  44,"  on  the  other 
side.  At  the  present  time,  this  standard  is  not  in  a  condition  to  admit 
of  accurate  measurements.  The  edges  of  the  end  surfaces  are  in- 
dented, and  there  is  a  raised  burr  on  one  end.  These  bars,  together 
with  the  original  bars  compared  by  Hassler  in  1832,  are  the  only 
recognized  standards  which  have  ever  been  compared  with  the  Meter 
of  the  Archives.  They  form,  therefore,  the  real  basis  of  our  present 
knowledge  of  the  relative  length  of  the  meter  and  of  the  yard.  I  shall 
presently  recur  to  this  important  matter. 

The  line-meter  was  transferred  by  Trough  ton  and  Simms  to  a  bar 
of  Baily's  metal  in  1869.  Eater's  reduction  to  the  Meter  of  the 
Archives  was  applied  in  the  transfer.  The  Imperial  Yard  was  also 
transferred  to  the  same  bar.  The  lines  are  drawn  upon  gold  plugs, 
which  are  not,  however,  inserted  in  wells.  At  the  distance  of  39.37 
inches  from  the  first  plug  the  "  meter  plug  "  is  inserted.    This  meter  is 
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the  one  from  which  Cbisholm  obtained  his  value  of  the  equation  between 
the  meter  and  the  yard.  It  is  now  the  working  standard  meter  of  the 
Exchequer. 

A  second  natural  unit,  viz.  one  ten-millionth  part  of  a  quadrant  of 
the  earth's  surface,  was  adopted  at  the  close  of  the  last  century  as  the 
basis  of  the  metric  system.  In  March,  1791,  a  committee  of  the  Insti- 
tute of  France,  consisting  of  fifteen  members,  including  Borda,  La- 
grange, Laplace,  Monge\  and  Condorcet,  recommended  this  unit  as  a 
standard  of  linear  measure.  It  is  interesting  to  note  that  the  Com- 
mission was  largely  international  in  its  composition.  Besides  the  mem- 
bers of  the  Institute,  there  were  delegates  from  the  Republic  of  the 
Netherlands,  from  Sardinia,  Denmark,  Spain,  Tuscany,  the  Roman 
Republic,  the  Cisalpine  Republic,  the  Ligurian  Republic,  the  Swiss 
Confederation,  and  from  Piedmont  Their  report  was  sanctioned  by 
the  Assembly,  and  an  arc  of  the  meridian  passing  through  Paris,  and 
extending  from  Dunkirk  to  Barcelona  (stations  differing  about  10°  in 
latitude),  was  measured  with  great  care  by  Heehaw  and  Delambre. 
By  combining  the  results  of  this  survey  with  arcs  previously  meas- 
ured in  Peru  and  Sweden,  the  length  of  a  meridional  quadrant  passing 
through  Paris  was  ascertained.  For  the  measurement  of  base  lines, 
two  separate  toise  end-measures  were  employed,  each  assumed  to 
be  equivalent  to  the  toise  of  Peru.  From  these  standards,  four  iron 
bars  were  prepared,  having  their  ends  carefully  ground  and  polished 
until  they  were  exactly  comparable  with  each  other,  and  until  each 
had  the  required  length.  One  of  these  original  bars,  bearing  upon  it 
the  stamp  of  the  Commission,  is  now  in  the  possession  of  the  United 
States  Coast  Survey.  It  is  understood  to  be  the  only  copy  now  in 
existence.  Ope  bar  was  chosen  as  the  standard  of  France,  and  from 
it  was  constructed  the  platinum  "  Metre  des  Archives."  Two  similar 
meters,. made  at  the  same  time  and  in  the  same  manner,  are  now 
in  existence,  viz.  the  "  Metre  du  Conservatoire,"  and  the  "  Metre  de 
l'Observatoire."  All  of  these  meters  are  end-measures,  and  have  about 
the  same  dimensions  as  the  English  platinum  meters  already  described. 
The  equation  between  the  **  Metre  des  Archives  "  and  the  "  Metre  da 
Conservatoire  "  is  small.  That  between  the  "  Metre  des  Archives  "  and 
the  "  Metre  de  l'Observatoire  "  is  not  well  determined.  Only  one  line- 
measure  is  known  to  have  been  made  at  the  time  of  the  construction 
of  the  end-measures.  This  was  transferred  from  the  "  Metre  de  l'Ob- 
•ervatoire,"  probably  about  two  years  after  the  adoption  of  the  "Metre 
des  Archives  "  as  a  standard. 

In  1870,  a  commission  was  formed  at  Paris,  under  the  title  "  Com- 
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mission  International  da  Metre,"  for  the  purpose  of  settling  all  doubts 
in  regard  to  the  value  and  permanence  of  the  unit  bases.  In  1874, 
this  commission  decided  to  maintain  at  Paris  an  "  International  Bureau 
of  Weights  and  Measures,  to  be  supported  by  pro  rata  contributions 
from  all  the  signing  powers,  and  charged  with  the  care  of  the  proto- 
type standards,  and  with  the  duty  of  constructing  and  verifying  copies 
of  those  standards,  not  only  for  the  powers  interested,  but  for  other 
governments,  for  corporations,  and  even  for  private  individuals  who 
should  apply  for  them,  and  who  should  be  willing  to  pay  the  expense 
attending  their  construction  and  comparison." 

It  is  not  necessary  to  record  here  the  considerations  which  led  the 
Commission  to  abandon  all  attempts  to  establish  a  standard  which 
should  conform  to  the  natural  unit,  in  accordance  with  which  the  ori- 
ginal meters  were  constructed.  It  is  sufficient  to  say  that  the  Com- 
mission decided  that  the  "  Metre  des  Archives  "  shall  be  recognized  and 
perpetuated  forever  as  the  true  base  of  the  measure  of  extension,  with- 
out regard  to  the  doubtful  questions  which  have  been  raised  concern- 
ing its  correspondence  with  its  theoretical  value.  The  first  resolution 
of  the  "  Convention  du  Metre,"  signed  May  20,  1875,  reads  as  fol- 
lows :  "  For  the  execution  of  the  international  meter,  the  Metre  des 
Archives,  in  the  state  in  which  it  is  found,  is  taken  as  the  point  of 
departure." 

The  Convention  adopted  twenty-one  resolutions  respecting  the  meter, 
of  which  the  most  important  are  the  following :  — 

"IV.  Though  deciding  that  the  new  international  meter  shall  be  a 
line-meter,  of  which  every  country  shall  receive  identical  copies,  con- 
structed at  the  same  time  as  the  line  prototype,  the  Commission  will 
nevertheless  undertake  to  construct  a  certain  number  of  end-measure 
standards  for  the  countries  which  shall  express  a  desire  for  them, 
and  the  equations  of  these  end-meters  with  respect  to  the  new  line 
prototype  shall  be  determined  with  equal  care  by  the  International 
Commission. 

"V.  The  international  meter  shall  be  of  the  length  of  the  meter 
atO°C. 

"  VI.  In  the  fabrication  of  the  meters,  an  alloy  shall  be  employed, 
composed  of  90  parts  of  platinum  and  10  parts  of  iridium,  with  an 
allowance  of  two  per  cent  variation,  more  or  less." 

"  IX.  The  bars  of  platinum-iridium,  upon  which  the  lines  are  to  be 
traced,  shall  be  102  centimeters  in  length,  and  their  transverse  section 
shall  be  represented  by  a  model  described  in  a  note  by  M.  Tresca." 

MXIIL  The  method  of  M.  Fizeau  shall  be  employed  in  determin- 
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ing  the  expansion  of  the  platinum-iridium,  of  which  the  meters  are 
formed. 

"  XIV.  The  prototype  shall  be  submitted  to  the  best  possible  pro- 
cess for  the  determination  of  the  absolute  coefficient  of  expansion  of 
the  whole  meters.  These  measures  shall  be  made  separately,  at  least 
at  five  different  temperatures  comprised  between  0°  and  40°  C." 

"XVII.  The  comparisons  shall  be  made  by  immersing  the  new 
standards  in  a  liquid  and  in  air,  but  with  the  reservation  that  the 
standard  of  the  Archives  shall  not  be  immersed  in  any  liquid  until  the 
close  of  the  operations. 

"  XVIII.  The  tracing  of  the  line-meters,  and  their  first  comparison 
with  the  '  Metre  des  Archives/  shall  be  effected  by  the  process  of  M. 
Fizeau." 

In  order  to  gain  a  clear  understanding  of  what  has  been  accom- 
plished in  accordance  with  these  resolutions,  it  is  necessary  to  distin- 
guish between  the  operations  of  the  French  section  of  the  Commission 
and  those  of  the  International  Bureau.  The  construction  of  the  proto- 
types from  the  u  Metre  des  Archives  n  was  naturally  committed  to  the 
French  section,  the  primary  standard  being  the  property  of  the  French 
government,  the  responsible  authority  for  its  preservation  in  a  state  of 
perfect  integrity. 

The  prototypes  thus  prepared,  after  delivery  to  the  International 
Commission,  and  after  their  formal  acceptance  by  the  Commission,  are 
to  be  subjected  to  the  various  tests  provided  for  by  the  articles  of  the 
convention.  Finally,  either  one  of  these  prototypes,  or,  perhaps,  the 
mean  of  two  or  three  of  them,  will  be  officially  declared  to  be  the  true 
and  final  base  of  reference  in  all  measurements  of  linear  extension. 

The  International  Bureau  is  now  prepared  for  its  share  of  the  work. 
The  buildings  are  completed,  the  instruments  of  comparison  are  in 
position,  ami  nearly  all  of  the  provisional  investigations  required  have 
been  completed.  The  present  delay  must  be  charged  to  the  unfortu- 
nate dead-lock  between  the  Commission  and  the  French  section,  the 
Commission  refusing  to  accept  the  prototypes  prepared  by  M.  Tresca, 
mainly  on  the  ground  that  the  material  of  which  the  standards  are 
made  is  not,  in  its  present  condition,  a  pure  alloy  of  platinum  and  irid- 
ium, but  that  it  contains,  as  is  asserted,  nearly  two  per  cent  of  iron. 

The  International  Bureau  at  the  present  time  has  no  standards 
which  have  been  compared  directly  with  the  "Metre  des  Archives." 
It  has  three  provisional  meters,  all  of  which  have  been  indirectly  com- 
pared with  the  primary  standard.  It  has  a  meter  made  by  Repsold, 
one  made  by  Hermann  and  Pfister,  of  Berne,  Switzerland,  and  one 
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made  by  Brunner  Freres,  of  Paris,  which  is  presumably  a  copy  of  the 
line-meter  derived  from  the  meter  of  the  Observatory.  The  meter  by 
Brainier  Freres,  the  tracings  on  which  are  very  good,  is  taken  as  the 
present  provisional  standard. 

The  buildings  of  the  International  Bureau  are  situated  on  the 
summit  of  a  high  hill  at  Breteuil,  on  the  direct  road  from  Paris  to 
Versailles.  The  location  is  an  admirable  one  in  every  point  of  view. 
During  my  recent  visit  to  Paris,  a  very  kind  letter  of  introduction 
from  Professor  St.  Claire  Deville  to  Dr.  Pernet,  the  Director  of  the 
Bureau,  led  to  a  very  interesting  visit  to  this  establishment  There 
are  three  principal  observing-rooms,  perhaps  eighty  meters  square. 
The  walls  are  composed  of  corrugated  metal,  the  waves  running  lon- 
gitudinally.    The  rooms  are  lighted  by  a  circular  skylight  only. 

In  one  room  is  found  the  apparatus  for  comparing  standards  of 
weight,  under  the  charge  of  Dr.  Marek.  There  is  here  a  marvel- 
lously perfect  apparatus  for  weighing  in  a  vacuum,  made  by  Bunge,  of 
Hamburg.  The  observer  is  enabled  to  perform  every  part  of  the 
operation  of  weighing,  stationed  at  a  distance  of  six  or  eight  meters. 
There  is  also  a  fine  balance  by  Rupprecht,  of  Vienna. 

In  a  second  room,  the  instruments  for  determining  the  coefficients 
of  expansion  are  mounted.  This  department  is  under  the  charge  of 
Dr.  Benoit  Both  the  method  by  immersion  in  a  liquid,  and  the  method 
of  M.  Fizeau,  are  employed.  The  latter  method  is  described  in  the 
Comptes  Rendus  for  1866.  It  is  also  described  in  the  Proceedings  of 
the  Royal  Society  of  Nov.  80,  1866.  I  quote  from  the  Proceedings : 
uIo  M.  Fizeau's  observations,  he  has  availed  himself  of  the  possibility 
of  forming  Newton's  rings  with  the  monochromatic  sodium  light,  when 
one  of  the  interfering  rays  is  52.205  waves  in  advance  of  the  other,  a 
fact  which,  conjointly  with  M.  Foucault,  he  announced  in  1849.  Using 
the  length  of  a  wave  of  sodium  light  0.0005888  mm.  [0.000023 18to-] 
as  a  standard  of  measure,  the  position  of  a  ring  being  observable  to  within 
^  of  the  distance  between  two  consecutive  rings,  the  variation  of  the 
distances  between  the  two  surfaces  producing  Newton's  rings  can  be 
measured  within  0.00002944  mm.  or  0.0001 1 59to'  *  The  results  by  this 
method,  and  those  obtained  by  immersion  in  a  liquid,  are  found  to  show 
a  good  agreement  The  chief  objection  to  its  use  is  found  in  the  fact 
that  the  method  is  only  applicable  to  pieces  of  metal  not  much  exceeding 
one  centimeter  in  length.  It  must  be  assumed  that  the  whole  bar  has  the 
lame  coefficient  as  the  small  portion  of  it  upon  which  the  observation 
rests.  In  the  discussion  of  the  coefficient  of  the  Metre  des  Archives,  it 
will  be  interesting  to  compare  the  value  finally  derived  with  the  value 


282  PROCEEDINGS  OP  THE  AMERICAN  ACADEMY 

found  by  M.  Fizeau  from  a  small  section  of  the  original  bar  which  has 
been  preserved  in  the  Archives. 

A  third  room  of  the  building  is  devoted  to  the  comparison  of  stand- 
ards. This  department  is  under  the  charge  of  Dr.  Pernet.  Here  is 
mounted  a  fine  comparator  by  B runner  Freres,  built  at  a  cost  of  15,000 
francs.  A  universal  comparator  by  Starke,  of  Vienna,  and  costing 
28,000  francs,  will  soon  be  in  position.  This  apparatus  will  allow 
comparisons  between  standards  two  meters  in  length.  There  are 
also  attachments  for  comparing  subdivisions. 

The  Bureau  has  also  a  very  perfect  apparatus  for  determining  the 
zero  point  and  the  boiling  point  of  the  thermometers  employed  in  the 
comparisons.  The  minimum  point  of  freezing  is  first  found.  To  this 
minimum  reading  are  applied  the  variations  of  the  zero  point,  which 
are  investigated  for  each  thermometer.  The  thermometers  are  made 
by  Baudin,  of  Paris.  He  makes  two  kinds.  In  one,  the  tubes  are  di- 
vided into  a  scale  of  equal  parts ;  in  the  other,  all  the  errors,  except 
those  of  the  zero  and  boiling  points,  are  included  in  the  graduations. 
The  thermometers  are  read  to  single  hundredths  of  a  degree.  It  is 
the  experience  of  Dr.  Pernet  that  all  the  standard  thermometers  of 
Baudin  will  agree  inter  se  within  three  hundredths  of  a  degree. 

I  now  pass  to  a  consideration  of  the  operations  of  the  French  See* 
tion,  which  are  conducted  in  the  building  of  the  "  Boole  des  Arts  et 
Metiers,"  usually  called  the  Conservatory. 

Through  the  kindness  of  M.  Tresca,  who  is  the  secretary  of  the  Sec- 
tion, and,  since  the  death  of  General  Morin,  the  acting  Director  of  the 
Conservatory,  I  was  able,  during  a  recent  visit  to  Paris,  to  make 
a  careful  study  of  the  entire  operation  of  converting  the  u  Metre 
des  Archives"  into  an  equivalent  line-meter.  Notwithstanding  the 
pressure  of  the  official  duties  of  M.  Tresca,  which  were  at  the 
time  of  my  visit  especially  great,  owing  to  the  illness  and  death 
of  General  Morin,  the  Director  of  the  Conservatory,  he  gave  me 
several  hours  each  day,  explaining  in  detail  each  step  of  the  opera- 
tion, from  the  melting  of  the  platinum-iridium  to  the  final  compari- 
son of  the  completed  bar  with  the  "Metre  des  Archives."  As  the 
result  of  this  somewhat  critical  study,  I  express  the  unqualified  opin- 
ion that  M.  Tresca  is  entirely  master  of  the  problem.  His  methods 
and  his  results  are  at  least  beyond  present  criticism.  In  this  I  do  not, 
however,  include  the  method  adopted  of  comparing  end-measures  with 
line-measures.  This  method,  which  is  sometimes  credited  to  Fizeau, 
and  sometimes  to  Wild,  seems  to  me  to  be  radically  defective. 

To  the  end  of  a  plate  having  the  same  thickness  as  the  u  Metre 
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des  Archives,"  a  strip  of  very  thin  platinum,  terminating  in  a  sharp 
point,  is  attached.  The  reflection  of  this  point  from  the  end  of  the 
har  gives  the  means  of  observing  the  point  of  contact  without  actually 
touchiug  the  surface.  This  method  seems  to  be  a  necessity  in  this 
case,  since  a  statute  law  forbids  contact  of  any  kind  whatever.  If  it 
was  not  for  this  necessary  limitation,  a  much  better  method  could  be 
employed.  Still,  it  is  the  opinion  of  M.  Tresca  that  the  absolute  error 
of  the  line  prototype  can  be  reduced  below  1  ft  =  .001  mm. 

On  account  of  the  difficulties  attending  the  transfer  from  an  end- 
measure  to  a  line-measure,  M.  Tresca  has  adopted  the  plan  of  trans- 
ferring one  line-meter  with  the  utmost  precision.  This  copy,  which 
he  calls  his  u  working  meter,"  has  occupied  his  attention  for  several 
months.  He  is  confident  that  eyery  source  of  error  has  been  elim- 
inated. This  line-meter  will  be  the  basis  of  the  final  standard, 
since  the  Commission  will  accept  without  question  the  definitive  trans- 
fer offered  by  the  French  Section  after  the  difficulties  with  respect 
to  the  question  of  material  are  removed.  On  this  point  there  is  no 
dispute.  The  real  issue  is  this.  The  International  Bureau  ask  of 
the  French  Section  one  or  more  bars  of  pure  platinum,  and  several  of 
platinum-iridium,  with  the  definitive  comparison  with  the  "  Metre  des 
Archives."  The  Commission  contends  that  the  bars  already  offered 
contain  two  per  cent  of  iron,  transferred  through  the  process  of  draw- 
ing through  dies.  It  contends  also,  that,  by  the  process  of  drawing 
through  dies,  the  bars  remain  in  a  state  of  strain.  M.  Tresca,  on  the 
other  hand,  contends  that  it  is  impossible  that  these  criticisms  can 
hold. 

He  admits  that  iron  is  transferred  during  the  passage  of  the  bar* 
through  the  rollers,  but  this  iron  is  extracted  after  each  of  the  two 
hundred  passages  through  the  dies.  M.  Tresca  also  admits  that  the 
bars  would  be  in  a  state  of  strain  if  left  in  the  state  in  which  they  come 
through  the  dies,  but  he  anneals  them  finally.  As  a  proof  of  the  cor- 
rectness of  this  view,  he  gets  exactly  the  same  coefficient  of  expansion 
after  each  melting  and  casting  of  a  given  bar.  Some  bars  have  been 
melted  and  recast  as  many  as  ten  times. 

I  heard  but  little  said  on  the  question  of  the  alloy.  The  standard 
weights  of  the  Bureau  are  made  of  platinum-iridium,  and  there  seems 
to  be  no  question  about  them. 

The  comparing  rooms  of  the  Conservatory  are  built  as  follows. 
First  (a),  there  are  the  thick  stone  walls  of  the  building;  then  (&),  space 
filled  with  hay;  (c),  wooden  walls;  (<?),  space  filled  with  cotton; 
(*),  wooden  walls,  covered  on  the  inside  with  paper.    A  copper  room, 
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entirely  enclosing  the  comparators,  is  built  in  the  central  part  of  the 
enclosed  space.  The  microscopes  of  the  comparators  are  90  centi- 
meters in  length.  Only  the  micrometer  screws  project  through  the 
upper  wall  of  the  copper  room,  so  thai  the  heat  of  the  body  of  the 
observer  can  produce  but  a  very  slight  effect.  The  value  of  one  di- 
vision of  the  micrometer  is  0.301  /*. 

There  are  two  rooms  pf  the  same  form  and  dimensions.  One  con- 
tains the  longitudinal  comparator,  on  which  the  transfers  are  made, 
and  on  which  a  series  of  comparisons  is  also  made  directly  after  the 
transfers,  the  two  bars  remaining  in  the  same  relative  positions.  The 
other  room  contains  the  transverse  comparator,  with  which  the  final 
and  definitive  comparisons  are  made.  These  comparators  were  built 
by  M.  Froment 

The  transfers  and  comparisons  are  only  made  after  the  bars  have 
been  in  position,  and  subject  to  the  same  temperature,  for  a  period  of 
forty-eight  hours.  All  the  transfers  and  comparisons  are  made  in  air. 
The  tracings  are  made  between  one  and  two  o'clock  in  the  morning. 
Even  then,  the  jar  of  passing  vehicles  is  very  perceptible.  The  dis- 
turbance is,  however,  strictly  local.  No  matter  how  great  the  trem- 
ors, no  permanent  movement  of  the  bars  can  be  seen. 

In  the  expose  of  the  condition  of  the  labors  of  the  French  Section 
to  Sept.  22,  1879,  will  be  found  a  complete  statement  of  the  present 
state  of  this  great  work. 

A  third  natural  unit  of  length  has  been  proposed  in  the  length  of  a 
wave  of  light  of  given  refrangibility.  It  is  extremely  doubtful,  how- 
ever, whether  this  unit  will  ever  come  into  extensive  use.  In  the 
present  state  of  the  measurements  of  wave-lengths,  the  total  number 
in  a  meter  is  known  with  a  far  less  degree  of  exactness  than  can  be 
assigned  to  the  comparison  of  different  meters.  Probably  the  wave- 
length of  the  line  D  is  as  well  known  as  that  of  any  other  line  of  the 
spectrum,  and  yet  the  measures  by  different  investigators  show  large 
discordances.  The  meter  as  determined  by  different  observers  shows 
the  following  errors  when  compared  with  the  value  given  by  Ang- 
strom :  — 


Authority. 

Error. 

Fraunhofer 

—  1.1  mm. 

Ditscheiner 

+  0.8 

Angstrom 

+  0.0 

Van  der  Willigen 

—  0.8 

Mascart 

—  1.0 

Bernard 

—  1.0 
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In  the  wave-length  equation  X  =  c  sin  0 ;  c  represents  the  mean  dis- 
tance between  the  lines  of  the  grating.  A  certain  number  of  isolated 
errors  may  occur  in  the  ruling,  which  may  entirely  escape  detection 
under  the  spectroscope.  For  example,  one  of  the  provisional  gratings, 
ruled  with  the  machine  built  for  the  writer  at  the  Walt  ham  Watch 
Factory,  has  errors  of  spacing  which  are  easily  measurable,  and  yet 
the  grating  will  show  7  and  possibly  10  lines  between  bx  and  bv  not- 
withstanding the  fact  that  it  is  ruled  upon  commercial  plate  glass 
without  finish. 

Angstrom,  in  his  investigations,  found  the  distance  between  the 
extreme  lines  of  the  different  gratings  employed  in  terms  of  the 
Meter  of  the  Archives;  and  the  value  of  c  was  found  by  dividing 
the  entire  distance  by  the  number  of  spaces.  I  cannot  find  that  he 
made  any  investigation,  either  of  the  accidental  or  the  systematic 
errors  of  the  gratings.  I  am  aware  that  it  is  commonly  asserted  that 
it  is  impossible  for  systematic  errors  of  appreciable  magnitude  to  exist 
in  a  grating  which  shows  the  solar  lines  sharply  defined ;  but  there  are 
many  evidences  that  not  only  isolated  accidental  errors,  but  periodic 
errors  of  a  small  but  measurable  magnitude,  are  not  incompatible  with 
apparently  perfect  definition.  Since  the  periodic  error  of  a  screw  may 
undergo  considerable  variations  in  value  through  a  change  of  tempera- 
ture, especially  if  this  change  is  abrupt  and  violent,  it  does  not  seem 
possible  to  overcome  them  entirely,  except  by  a  rigid  investigation 
immediately  preceding  the  ruling  of  a  given  grating,  and  by  the  appli- 
cation of  the  corrections  derived,  during  the  process  of  ruling.  It  is 
without  doubt  true  that  the  mean  interval  between  the  ruled  lines  can 
be  expressed  with  a  far  greater  degree  of  accuracy  than  any  given 
space  can  be  measured  under  the  microscope ;  but  I  believe  it  to  be 
possible  to  measure  the  errors  of  lines  widely  separated  when  there  is 
no  evidence  of  their  existence  in  the  appearance  of  the  solar  lines. 
Even  the  best  gratings  which  have  thus  far  been  produced  show  traces 
of  systematic  error  when  they  are  examined  with  monochromatic 
light. 

Briefly,  then,  whenever  the  yard  with  its  subdivisions  is  adopted  as 
the  measure  of  length,  the  unit  to  which  all  measures  must  be  referred 
is  the  Bronze  bar  deposited  in  the  "  Strong  Room "  of  Old  Palace 
Yard,  London,  known  as  the  "Imperial  Yard  No.  1."  It  has  been 
shown  that  all  attempts  to  express  the  length  of  the  Imperial  Yard  in 
terms  of  a  natural  unit  have  been  abandoned. 

Wherever  the  metric  system  has  been  adopted,  either  by  legal  enact- 
ment or  by  actual  use  in  the  absence  of  definite  legislation,  the  plati- 
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Dum  end-measure  meter,  deposited  in  the  Archives  of  Paris,  is  the  only 
ultimate  standard  of  reference.  Since  sixteen  governments  have  en- 
tered into  the  Convention,  which,  through  the  International  Commis- 
sion, has  decided  that  this  particular  bar  at  0°  Centigrade  shall  be  the 
unit  to  which  all  measures  of  extension  shall  be  referred,  there  is 
hardly  a  possibility  that  a  different  unit  will  ever  be  adopted.  Great 
Britain  is  the  only  prominent  government  that  has  declined  to  enter 
the  Convention.  The  two  platinum  meters  which  have  hitherto  been 
the  standard  of  reference  in  that  country  are,  however,  no  longer 
adapted  to  the  purposes  of  exact  measurement.  Besides,  even  here 
the  ultimate  reference  is  the  Meter  of  the  Archives,  through  the  equa- 
tion determined  by  Kater  and  Arago  in  1818. 

The  only  exception  to  the  entire  abandonment  of  all  attempts  to 
refer  the  meter  to  a  natural  unit  is  the  indirect  determination  by 
Clarke  and  others  of  the  length  of  this  unit  expressed  in  the  ten-mil- 
lionth part  of  a  quadrant  of  the  earth's  surface.  With  the  highest 
possible  respect  for  the  work  which  has  been  done  by  Colonel  Clarke, 
it  does  not  seem  likely  that  his  value  of  this  unit  will  ever  become 
generally  adopted.  In  the  first  place,  his  arc  of  the  meridian  does  not 
follow  the  definition  upon  which  the  Meter  of  the  Archives  was 
founded.  In  the  reference  to  any  given  unit,  the  standard  of  length 
determined  must  be  ascertained  with  a  greater  degree  of  exactness 
than  that  attainable  in  the  comparison  of  different  copies  of  this  stand- 
ard. It  is  the  experience  of  the  writer  that  the  error  involved  in 
the  comparison  of  different  meters  need  not  exceed  one  millionth  of  a 
meter.  It  is  not  probable  that  an  arc  of  a  meridian  of  the  earth's  sur- 
face extending  over  90°  of  latitude  can  be  measured  with  sufficient 
exactness  to  warrant  the  assignment  of  this  degree  of  accuracy  to  the 
aliquot  part  of  this  distance,  which  we  call  a  meter. 

In  the  United  States,  the  particular  yard  which,  previous  to  1856, 
was  taken  as  a  standard,  is  the  distance  between  the  27th  and  the  63d 
inch  of  a  scale  by  Troughton.  It  has  never  had  other  than  an  indi- 
rect legal  authority.  It  was  never  legalized  by  act  of  Congress.  It 
was,  however,  adopted  by  the  Treasury  Department.  The  first  stand- 
ards distributed  to  the  States  by  the  authority  and  direction  of  Congress 
were  copies  of  this  particular  bar. 

In  1856,  "  Bronze  bar  No.  11 "  was  presented  by  the  British  Board 
of  Trade  to  the  United  States.  It  is  standard  at  61°.79  Fahrenheit. 
Since  this  date,  all  measures  of  length  which  are  expressed  in  terms  of 
the  yard  have  been  referred  to  this  particular  unit.  This  change,  by 
whatever  authority  it  was  made,  was  one  clearly  demanded  in  the  inter* 
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eat  of  science,  and  by  the  legalization  of  Bronze  No.  1  as  the  Imperial 
Standard  Yard,  with  which  it  had  been  most  carefully  compared ;  but 
I  am  not  aware  that  it  has  ever  been  sanctioned  by  act  of  Congress. 

For  the  metric  system,  the  iron  meter  mentioned  above  has  always 
been  taken  as  the  standard  of  reference.  It  has,  however,  no  legal 
sanction.  Neither  in  the  case  of  the  yard  nor  of  the  meter  are  com- 
parisons usually  made  directly  with  the  original  standards. 

The  Saxton  comparator  consists  of  a  brass  bed-plate  having  V-shaped 
ways  running  the  entire  length.  A  slide  carrying  a  microscope  slides 
freely  over  these  ways.  A  series  of  brass  posts  form  a  part  of  this 
bed,  through  which  pass  steel  screws  having  conical  ends,  which  have 
been  tempered  and  polished.  There  are  stops  for  the  yard  and  for  its 
subdivision  into  feet,  and  of  one  foot  into  inches.  There  are  also 
stops  for  the  meter  and  for  its  subdivision  into  decimeters,  and  of  one 
decimeter  into  centimeters.  By  a  very  ingenious  arrangement,  the  arm 
attached  to  the  moving  microscope  plate  can  be  brought  into  contact 
with  any  stop  without  loss  of  motion.  The  end  stops  for  the  yard  and 
for  the  meter  were  many  years  ago  set  to  correspond  with  "  Bronze 
No.  11"  at  58°  nearly  for  the  yard,  and  with  the  iron  meter  at  68° 
nearly.  It  is  understood  that  the  position  of  these  stops  with  respect 
to  the  brass  bed  have  never  been  changed.  The  standards  which 
have  been  distributed  since  1856  have  been  transferred  from  these  dis- 
tances at  the  temperatures  at  which  they  are  standard.  The  yard  in 
actual  use  at  the  Bureau  of  Weights  and  Measures,  therefore,  may  be 
defined  to  be  the  distance  between  two  steel  stops  attached  to  the  bed 
of  the  Saxton  comparator  which  corresponds  to  the  length  of  "  Bronze 
No.  1 1 "  at  58°  nearly,  and  the  m,eter  may  be  defined  to  be  the  dis- 
%  tance  between  two  steel  stops  of  the  Saxton  comparator  which  corre- 
sponds to  the  length  of  the  iron  meter  corrected  for  the  difference 
between  its  length  at  32°  and  at  68°  nearly.  Recent  comparisons 
indicate  that  these  temperatures  should  be  diminished,  by  a  trifling 
amount,  for  the  present  distances  between  the  stops,  both  for  the  yard 
and  for  the  meter. 

In  May,  1878,  by  the  kindness  of  Prof.  J.  E.  Hilgard,  Assistant  in 
Charge  of  the  United  States  Coast  Survey,  I  was  able  to  secure  copies 
of  both  the  yard  and  the  meter,  together  with  their  subdivisions.  On 
May  14,  Dr.  Clarke,  who  has  charge  of  the  standards,  transferred  the 
yard  to  a  glass  bar  which  I  had  previously  prepared,  and  on  the  morn- 
ing of  May  17  the  meter  with  its  subdivisions  was  transferred  to  the 
same  bar. 

Upon  my  return  to  Cambridge,  the  relative  relations  between  the 
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subdivisions  were  investigated,  with  the  following  results.  A  positive 
sign  indicates  that  the  measured  space  is  too  short ;  a  negative  sign, 
that  it  is  too  long. 

Subdivisions  of  the  Yard. 


No. 

Correction*. 

No. 

Correction*. 

No. 

Correction!. 

1 

+  .00069  in. 

1. 

+  .00075  in. 

7 

—  .00037  in. 

2 

—  .00022 

2. 

—  .00004 

8 

+  .00062 

3 

—  .00047 

3. 

—  .00031 

9 

+  .00009 

4. 

+  .00024 

10 

—  .00097 

5. 

+  .00064 

11 

—  .00020 

6. 

—  .00011 

12 

—  .00036 

Subdivisions  of  the  Meter. 


No. 

Corrections. 

No. 

Comotions. 

1 

—  .00080  cm. 

1 

—  .00132  cm. 

2 

—  .00018 

2 

+  .00021 

3 

—  .00211 

8 

+  .00006 

4 

+  .00088 

4 

+  .00070 

5 

+  .00105 

5 

—  .00070 

6 

+  .00142 

6 

+  .00003 

7 

+  .00041 

7 

+  .00100 

8 

—  .00168 

8 

—  .00019 

9 

—  .00194 

9 

+  .00039 

10 

+  .00288 

10 

—  .00016 

These  corrections  involve  the  errors  of  transfer.  No  attempt  was 
made  to  determine  and  apply  the  corrections  due  to  the  curvature  of 
the  ways  upon  which  the  slide  carrying  the  microscope  moves. 

The  subdivisions  of  the  centimeter  rest  upon  the  authority  of  a  cen- 
timeter subdivided  into  100  equal  parts  by  Brunner  Freres,  of  Paris, 
for  the  office  of  the  Coast  Survey.  By  the  permission  of  Professor 
Hilgard,  I  have  made  an  extended  series  of  comparisons  between  this 
unit  and  a  centimeter  derived  from  the  screw  of  my  own  dividing  en- 
gine. The  comparisons  were  made  by  means  of  the  comparator  for 
short  lengths,  described  in  the  American  Microscopical  Quarterly  for 
April,  1879.  The  Brunner  scale  is  divided  on  silver  inlaid  in  brass. 
In  my  own  scale,  the  graduations  are  upon  glass. 
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Brunner.        Thermometer. 

Rogen. 

B.  —  R. 

Bate. 

No.  dir.  of  compar- 
ator in  1  cm. 

o 

No.  dir.  of  compar- 
ator in  1  cm. 

No.  dir. 

1878,  May  14 

8149.02 

70.4 

8148.80 

+  0.22 

15 

8149.95 

74.8 

8150.11 

—  0.16 

16 

8149.33 

63.0 

8149.53 

—  0.20 

16 

8149.51 

63.8 

3149.53 

—  0.02 

16 

3149.63 

64.0 

8149.21 

+  0.42 

17 

3149.66 

72.1 

8149.20 

+  0.46 

17 

8149.66 

72.1 

8149.40 

+  0.26 

18 

8149.18 

62.0 

8149.44 

—  0.26 

18 

8149.58 

68.3 

3149.37 

+  0.21 

18 

3149.57 

68.8 

3149.37 

+  0.20 

18 

3149.42 

70.0 

3149.12 

+  0.30 

19 

8149.52 

69.8 

8149.17 

+  0.85 

20 

8149.30 

71.3 

8149.01 

+  0.29 

21 

8149.55 

71.1 

8149.09 

+  0.46 

Means,  8149.49  68.7         3149.31  +0.18 

In  terms  of  the  Brunner  scale,  therefore,  my  own  unit  is  .000317  cm. 
X  0.18  =  .000057  cm.  too  short  Subsequent  investigations  have 
shown  that  both  units  contain  errors  of  considerable  magnitude  when 
compared  with  the  hundredth  part  of  the  Coast  Survey  meter  at  68°. 

The  following  are  the  relative  errors  of  each  millimeter  expressed 
in  terms  of  the  entire  length  of  the  centimeter :  — 

Brunner.  Rogen. 

Correction.  Correction. 

Mm.  No.  1  +  .000082  cm.  —  .00001 6  cm. 

2  _  .000091  +  .000025 

3  —  .000079  +  .000012 

4  —  .000070  +  .000016 

5  +  .000038  +  .000029 

6  +  .000002  —  .000016 

7  -|-  .000056  —  .000044 

8  +  .000035  —  .000022 
•  '■      9  —  .000080  —  .000006 

10  +  .000105  +  .000013 

Notwithstanding  the  fact  that  great  advances  have  been  made  in  the 
science  of  exact  measurements  since  the  construction  of  the  normal 
standards  now  in  use,  there  are  several  problems  connected  with  this 
•object  which  require  further  investigation.     It  is  a  well-known  fact, 

vol.  xv.  (*.  s.  VII.)  19 
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that»  while  the  different  results  obtained  in  comparing  two  standards 
by  one  observer  and  with  a  given  instrument  usually  indicate  marvel- 
lous precision  in  the  comparisons,  a  different  observer  with  a  different 
instrument  will  probably  get  results  equally  accordant  inter  se,  but 
which  nevertheless  do  not  agree  with  those  obtained  by  the  first  ob- 
server. Until  all  the  sources  of  error  involved  in  comparisons  are 
investigated  and  eliminated,  it  will  be  useless  to  expect  an  agreement 
between  different  observers.  Among  the  points  which  demand  inves- 
tigation, the  following  require  special  attention. 

(a.)  The  magnifying  power  of  the  microscopes  employed,  which  is 
the  best  adapted  to  secure  the  greatest  absolute  accuracy  in  measure- 
ments. 

In  all  the  earlier  comparisons,  microscopes  of  very  low  power 
were  employed,  varying  from  forty  to  sixty  diameters.  The  Inter- 
national Commission,  relying  largely  upon  the  recent  investigations 
of  Forster,  have  decided  upon  the  low  power  of  from  forty  to  fifty 
diameters.  M.  Tresca,  of  the  French  section,  on  the  contrary,  is  a 
firm  believer  in  high  powers ;  he  prefers  a  power  of  about  400.  The 
writer  has  had  considerable  experience  on  this  subject,  and  always  with 
results  favorable  to  high  powers.  With  a  proper  illumination,  and 
with  lines  having  smooth  edges,  a  magnifying  power  of  900  can  be  * 
used  with  great  ease,  even  in  the  comparison  of  two  meters  upon  a 
longitudinal  comparator. 

New  microscopes  have  been  recently  attached  to  the  microscopes  of 
the  meridian-circle  of  Harvard  College  Observatory.  In  order  to  be 
able  to  read  the  divisions  of  the  circle,  it  was  necessary  to  have  one 
eye-piece  with  the  same  power  as  that  furnished  by  the  maker.  A 
second  eye-piece,  giving  nearly  double  the  magnifying  power,  was 
attached  to  a  swinging  arm  in  such  a  manner  that  either  eye-piece  can 
be  used  at  will.  A  sufficiently  extended  series  of  observations  has 
now  been  made  to  justify  the  conclusion  that  the  high-power  eye- 
piece gives  the  most  accurate  results.  Again,  in  the  investigation  of 
the  errors  of  one  of  the  circles  of  the  instrument,  a  metal  plate,  having 
a  graduated  arc  of  15°,  is  attached  to  the  opposite  circle  under  a  one- 
inch  objective,  to  which  is  attached  the  interior  illuminator  Jfar  viewing 
opaque  objects,  invented  by  Mr.  R,  B.  Tolles,  of  Boston,  in  1867,  and 
also  invented  independently  by  M.  Tresca,  in  1871.  The  lines  under 
this  objective  are  sharply  defined.  The  value  of.  one  division  of  the 
micrometer  is  only  0".12  against  1".0  for  the  regular  microscopes.  It 
is  the  experience  of  the  writer,  thai  it  is  quite  as  easy  to  make  every 
fall  within  one  division  in  one  case  as  in  the  other.    With 
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the  ordinary  form  of  illumination,  however,  the  advantage  of  a  high 
power  would  not  be  so  apparent. 

The  value  of  one  division  of  the  micrometer  depends  both  on  the 
magnifying  power  of  the  microscope  and  on  the  pitch  of  the  microme- 
ter-screw. Those  who  advocate  a  low  magnifying  power  usually  pre- 
fer a  screw  having  a  small  pitch.  Further  observations  are  needed 
to  determine  the  best  relation  between  the  pitch  of  the  screw  and  the 
magnifying  power  of  the  objective.  The  following  are  the  values  of 
one  revolution  of  a  few  of  the  micrometer-screws  which  have  been 
used  in  the  comparison  of  standards :  — 


Observer. 
Trough  ton,  1798, 
Kater,  1818, 
Hauler,  1832, 
Baily,  1832, 
Baily,  1844, 
Baehe,  1856,  May, 
Bache,  1856,  October, 
Hilgard,Saxton  Comparator,  .0001000 
Clarke,  1866,  .0000286 

Cbaney,  1880,  old  objectives,  .0000319 
Treaca,  1880,       0.301  /i  =•  .0000118 


Vain*  of 
1  diriidon. 

Inch. 

.0001000 

.0000428 

.0001000 

.0000500 

.0000253 

.0000883 

.0001000 


Obterrer. 
Chaner,  1880,  new  objectives, 
Rogers,  1880,  Comparator,— 
•4  (  With  1  in.  objective, 
o      With  4-  in.  objectire, 
2  |  With  i  in.  objective, 
j§  I  With  I  in.  and  amplifier, 
n  r  With  1  in.  objective, 
§•     With  J  in.  objective, 
*  With  I  in.  objective, 
With  J  in.  and  amplifier, 
Internat.  Comm.,   1.0  ft  = 


VahMof 
1  diTisioB. 

Inch. 

.0000056 

.0000197 
.0000087 
.0000047 
.0000028 
.0000079 
.0000085 
.0000019 
.0000011 
.0000894 


The  writer  is  inclined  to  the  opinion  that  one  can  measure  with  cer- 
tainty only  what  one  can  see. 

(&.)   The  best  method  of  illumination  for  opaque  objects. 

I  cannot  better  illustrate  the  necessity  for  a  proper  illumination  in 
making  exact  measurements,  than  by  saying  that  I  have  been  obliged 
to  reject  a  series  of  observations  extending  over  a  period  of  four 
months,  for  the  simple  reason  that  I  finally  discovered  that  during  all 
this  time  I  have  never  once  seen  the  actual  lines  ruled,  but  only  their 
image.  I  used  a  parabolic  reflector,  giving  a  beautiful  white  line  on  a 
black  background.  The  lines  were  traced  upon  a  steel  surface  nickel- 
plated,  their  width  being  about  one  ten-thousandth  of  an  inch.  Inves- 
tigation showed  that  the  positions  of  the  lines  could  be  changed  by  an 
amount  more  than  half  their  width,  by  shifting  the  position  of  the  par- 
abolic reflector. 

The  method  of  illumination  employed  by  Baily  and  Sheepshanks 
seems  to  me  radically  defective.  With  the  microscopes  used  by  Sheep- 
shank* I  found  myself  unable  to  separate  lines  ruled  on  a  polished  steel 
plate,  though  separated  by  an  interval  of  only  one-thousandth  of  a 
centimeter.    As  already  stated,  I  have  used  with  great  satisfaction  the 
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form  of  illumination  described  by  Mr.  Tolles  in  the  Annual  of  Scientific 
Discovery  for  1866-67.  I  found  this  form  of  illumination  in  use  by 
M.  Tresca  since  1871.  It  has  also  been  since  described  as  an  original 
invention  by  Professor  Wild.  Trough  ton  and  Simms  also  constructed 
microscopes  with  the  same  method  of  illumination  as  early  as  1869,  at 
the  instance  of  Mr.  Warner,  a  retired  gentleman  residing  at  Sussex 
Place,  Brighton.  According  to  the  present  evidence,  the  priority  of 
publication  must  be  assigned  to  Mr.  Tolles.  M.  Tresca  was  without 
doubt  the  first  to  make  an  actual  application  of  the  method  to  exact 
measurements.  The  reader  who  is  interested  in  pursuing  this  subject 
farther  will  find  a  full  description  of  the  method  in  the  number  of  the 
Journal  of  the  Royal  Microscopical  Society  for  August  of  the  current 
year.  It  is  sufficient  to  say  here,  that,  as  none  of  the  light  is  lost  by 
the  reflection,  it  is  easy  to  get  all,  and  even  more,  than  is  needed. 
Diffused  daylight  falling  upon  the  plane  face  of  the  prism  inserted  be- 
tween the  two  front  lenses  affords  an  abundance  of  light  for  the  most 
delicate  tracings.  With  a  one-inch  objective  of  the  form  recently  con- 
structed by  Mr.  Tolles,  lines  30,000  to  the  inch,  ruled  on  a  polished 
steel  surface,  are  resolved  with  the  greatest  ease. 

(c.)  The  method  of  support  which  is  best  adapted  to  neutralize  the 
effect  of  the  flexure  of  the  bars  upon  which  the  graduations  are  traced. 

In  all  the  early  measurements  the  standards  were  placed  upon  a 
planed  surface  of  wood.  Trough  ton,  in  comparing  Shuckburgh's  scale, 
fastened  it  to  a  bed  of  mahogany  by  means  of  three  screws.  Kater  was 
the  first  to  discover  the  variations  due  to  the  flexure  of  the  bars  on 
which  the  graduations  were  traced.  He  was  also  the  first  to  suggest 
a  neutral  plane,  in  which  the  effect  of  flexure  upon  the  length  would 
be  zero.  At  first  he  located  this  neutral  plane  in  the  middle  of  the 
bar,  but  from  subsequent  investigations  he  concluded  that  it  was  not 
quite  one  third  of  the  thickness  of  the  bar  below  the  graduated  surface. 
He  reached  the  following  conclusions* :  — 

(1.)  "That  in  a  standard  of  lineal  measure,  traced  upon  the  surface 
of  a  bar,  an  error  arises  from  the  thickness  of  the  bar  when  it  is  placed 
upon  a  table,  the  surface  of  which  is  not  plane." 

(2.)  "  That  this  error  in  bars  of  the  same  material  and  of  unequal 
thickness  is  within  certain  limits  as  the  thickness  of  the  bar,  and  de- 
pends upon  the  extension  of  that  surface  of  the  bar  which  becomes 
convex,  and  the  compression  of  the  surface  which  is  concave." 

(8.)  "  That  the  error  to  which  the  scale  is  liable  from  this  cause  is 

•  Phil.  Trans.,  1830. 


OP   ARTS   AND   SCIENCES.  293 

directly  as  the  versed  sine  of  the  curvature  of  the  surface  upon  which 
the  scale  is  placed." 

(4.)  u  That  this  error  very  far  exceeds  that  which  would  arise  from 
the  difference  of  length  between  the  arc  and  its  chord,  under  similar 
circumstances ;  so  much  so,  that  the  sum  of  the  errors  from  this  cause 
in  a  bar  one  inch  thick,  with  a  versed  sine  of  not  one-hundredth  of  an 
inch,  is  nearly  one-thousandth  of  an  inch ;  whilst  double  the  distance 
between  the  chord  and  the  arc  is  not  one  fifty-thousandth." 

In  the  early  observations  of  Kater,  he  used  a  wood  surface  for  a 
support,  but  later  he  seems  to  have  preferred  a  marble  slab,  which, 
however,  was  not  planed. 

In  1844  Sir  George  Airy  showed  that,  if  n  represents  the  number 
of  supports  of  a  bar,  the  distance  between   the  supports  should  be 

Length  of  bar 

in  order  to  neutralize  the  effect  of  the  flexure.  Thus,  in  the  case  of 
the  yard,  if  the  defining  lines  are  near  the  ends  of  the  bar,  each 
support  should  be  placed  10.39  inches  from  the  centre,  and  in  the 
case  of  the  meter  they  should  be  placed  28.87  centimeters  from  the 
centre. 

This  general  form  of  support  was  used  by  Mr.  Sheepshanks  in  all 
of  his  observations,  and  it  is  the  form  which  is  ordinarily  employed  at 
the  present  time.  In  the  construction  of  the  National  Standards  it 
was  considered  important  that  the  bars  should  be  supported  at  numer- 
ous points  in  order  that  they  should  be  exposed  to  as  little  strain  as 
possible.  The  particular  form  of  support  finally  adopted  will  appear 
from  the  following  description  by  Sir  George  Airy,  to  whose  sugges- 
tion it  is  due. 

u  Great  facility  is  given  to  the  arrangements  for  supporting  a  bar 
with  definite  pressures  applied  at  special  points,  by  the  use  of  levers. 
Thus,  if  any  portion  of  the  bar  rest  upon  two  rollers  which  are  placed 
at  the  ends  of  a  lever,  and  if  the  fulcrum  of  this  lever  (whether  mov- 
able or  not)  be  in  its  centre,  the  pressure  upwards  produced  by  these 
rollers  will  necessarily  be  equal.  If  there  be  another  such  lever,  and 
if  the  fulcrum  of  this  and  the  former  be  upon  the  extremities  of  a 
third  lever,  and  if  its  fulcrum  be  at  its  centre,  then  the  pressures  op- 
ward  produced  by  the  four  rollers  will  be  equal.  By  this  arrange- 
ment of  the  rollers  and  levers,  one  half  of  the  bar  may  be  supported.. 
If  another  similar  system  be  applied  to  support  the  other  half  of  the 
bar,  the  pressures  produced  by  its  four  rollers  will  also  be  equal  among 
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themselves ;  and  if  the  bar  be  laid  symmetrically  upon  them,  all  the 
individual  pressures  will  be  equal."  * 

Mr.  Baily  decided  upon  the  adoption  of  eight  rollers  for  the  support 
of  the  National  Standards,  requiring  for  the  distance  between  each 

roller  and  the  one  next  adjacent  jrrg  inches  —  4.54  inches.      As  a 

farther  precaution,  the  defining  lines  were  traced  upon  gold  plugs  in- 
serted in  wells  sunk  to  the  plane  of  the  neutral  axis.  This  form  of 
support  is  the  one  now  employed  in  the  Standards  Office.  The  reader 
who  desires  to  pursue  this  subject  will  find  elaborate  discussions  by 
Bessel  and  by  Clarke. 

At  the  International  Bureau  only  two  supports  are  used,  the  dis- 
tance between  them  being  determined  by  Bessel's  formula.  At  the 
Conservatory,  the  bars  are  placed  directly  upon  a  plane  surface, 
which  is  nearly  in  the  neutral  axis  of  the  support  itself. 

In  1876  Professor  Wild  proposed  a  form  of  support  which  seems  to 
leave  very  little  to  be  desired.  The  bars  are  placed  one  above  the  other 
with  the  graduation*  in  the  same  vertical  plane.  Here  we  have  con- 
ditions quite  unlike  those  which  occur  with  bars  supported  in  the  way 
already  described,  and  under  which  it  would  seem  that  no  flexure  can 
occur  whieh  will  affect  the  distance  between  the  defining  lines.  This 
method,  therefore,  affords  a  rigorous  test  of  the  flexure  formulae  of 
Bessel  and  Airy.  It  appears  from  the  discussion  of  Professor  Wild, 
that,  while  the  mean  effect  of  observed  flexure  upon  the  relative 
lengths  of  the  separate  decimeters  of  the  same  bar  agrees  nearly  with 
the  mean  computed  value,  the  numerical  mean  of  the  differences  be- 
tween the  observed  and  the  computed  effects  is  no  less  than  0.0004  mm., 
or  nearly  one  half  of  the  whole  mean  effect.  On  the  other  hand,  a 
rigorous  comparison  instituted  by  Clarke  showed  a  substantial  agree- 
ment between  the  computed  and  the  observed  effects  of  flexure.  It  is 
evident,  therefore,  that  this  subject  requires  further  investigation.  In 
the  case  where  eight,  or  even  four  rollers  are  employed,  it  is  mechani- 
cally impossible  to  make  them  so  that  planes  tangent  to  each  roller 
shall  fall  in  a  common  plane,  which  shall  be  parallel  with  the  plane  of 
the  defining  lines.  Unless  this  takes  place,  the  upward  pressures  will 
not  be  equally  distributed,  and  the  formulae  will  not  hold.  In  the  case 
of  bars  of  the  Tresca  form,  I  am  compelled  to  admit  that,  at  least  with 
a  bar  of  copper,  attention  must  be  paid  to  the  form  of  the  support 

In  the  comparator  which  has  been  constructed  from  designs  fur- 
nished by  myself,  I  have  dealt  with  the  question  of  supports  in  the 

*  Astron.  Trans^  xv.  157, 6c 
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following  way.  The  bed  of  the  comparator  is  made  of  cast-iron, 
and  is  sixty  inches  long  by  fourteen  inches  wide.  It  has  an  extreme 
depth  of  two  inches.  In  the  centre,  Y-shaped  ways  run  the  entire 
length  of  the  bed,  upon  which  a  plate  carrying  the  microscopes,  slides. 
The  bed  has  at  one  end  the  means  of  bringing  it  into  a  horizontal 
plane,  and  at  intermediate  points  screws  for  taking  up  the  flexure. 
For  this  purpose,  free  vertical  bolts,  pressed  upwards  by  means  of 
levers  and  controlled  by  weights,  are  without  doubt  better  than 
screws. 

It  is  now  necessary  to  provide  for  the  movement  of  the  micro- 
scope slide  in  a  horizontal  plane.  This  is  accomplished  in  the  foP 
lowing  way.  A  shallow  dish  of  mercury  is  placed  upon  the  bed 
of  the  comparator,  extending  along  its  entire  length.  An  arm  pro- 
jects from  the  microscope  plate,  to  which  is  attached  a  plate  sliding 
between  guides,  And  carried  by  a  micrometer-screw.  To  the  lower* 
part  of  this  slide  a  platinum  point  is  attached.  One  wire  of  a  battery 
having  a  single  cell  is  attached  to  the  platinum.  Another  is  placed  in 
contact  with  the  mercury.  A  sounder  is  placed  in  the  circuit.  The 
microscope  plate  is  moved  to  one  end,  and  the  platinum  point  is 
brought  into  contact  with  the  mercury,  the  contact  being  indicated  by 
the  "  click"  of  the  magnet.  The  slide  is  then  moved  to  the  other  end, 
which  is  elevated  or  depressed  by  means  of  the  adjusting  screws,  till 
the  platinum  point  again  makes  contact  with  the  mercury.  After  one, 
or  at  the  most  two  trials,  it  will  be  found  that  the  two  ends  of  the  bed- 
plate are  in  the  same  horizontal  plane.  The  microscope  plate  is  now 
set  at  the  middle  of  the  comparator,  and  the  amount  of  the  flexure  is 
measured  with  the  micrometer-screw.  After  about  one  third  of  the 
measured  amount  has  been  taken  up  by  means  of  the  flexure  screws, 
the  entire  operation  is  repeated.  In  this  way  I  find  that  the  micro- 
scope plate  can  be  made  to  move  sensibly  in  a  tiue  plane.  In  prac- 
tice, it  is  found  that  almost  equally  good  results  can  be  obtained  by 
directly  observing  the  turf  ace  of 'the  mercury,  with  an  objective  of 
pretty  high  power,  using  the  interior  illuminator.  The  surface  of  the 
mercury  admits  of  nearly  as  sharp  a  focus  as  the  surface  of  a  metal 
bar.  Good  results  have  also  been  obtained  by  dropping  fine  threads 
of  spun  glass  upon  the  surface  of  the  mercury.  This  method  is  rather 
more  convenient  than  the  method  by  contacts,  but  the  latter  admits 
of  somewhat  greater  precision.  From  a  limited  number  of  trials,  I 
conclude  thai  contacts  can  be  made  with  a  probable  error  of  a  single 
contact  not  exceeding  .00002  inch. 

Knowing  that  the  microscope  plate  moves  in  a  true  plane,  the  sur- 
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face  of  the  bed-plate  on  either  side  can  be  brought#to  a  plane  which 
shall  be  parallel  with  that  through  which  the  microscope  moves,  by 
working  it  down  till  every  part  remains  in  the  same  focus.  The  bars 
to  be  compared  are  placed  directly  upon  the  surface  thus  prepared. 

(d.)  The  form  and  material  of  a  bar  which  is  best  adapted  to  fulfil 
all  the  conditions  which  are  essential  to  success  in  comparisons  extend- 
ing over  a  long  period  of  time. 

In  general,  the  form  of  a  standard  bar  should  be  the  same  as  that 
whh  which  it  is  to  be  compared.  For  example,  if  one  desires  a  stand- 
ard yard  which  is  to  be  compared  with  "  Bronze  1 1,"  at  Washington, 
the  bar  should  be  made  of  Baily's  metal,  and  should  be  one  inch 
square  and  about  thirty-eight  inches  long.  Kater  preferred  a  thin  bar. 
A  width  of  one  centimeter  with  a  depth  of  three  centimeters  will  be 
found  to  yield  good  results  when  the  bar  is  placed  upon  a  flat  surface. 
Of  all  the  forms  proposed,  that  of  M.  Tresca,  which  has  been  adopted 
by  the  International  Commission,  seems  to  me  the  best  designed  to 
overcome  all  the  difficulties  of  the  problem.  It  is  convenient  to  han- 
dle ;  it  retains  its  form  under  its  own  weight,  and  quickly  answers  to  a 
given  change  of  temperature.  I  have  had  the  pleasure  of  using  a  bar 
of  this  form  for  several  months  with  the  most  satisfactory  results.  I 
began  with  considerable  prejudice  against  it,  influenced  to  some  degree 
by  a  remark  made  by  Professor  Wild  concerning  it.  It  is  undoubtedly 
somewhat  difficult  to  manufacture,  and  will  probably  be  found  to  be 
rather  costly ;  but  these  are  the  only  serious  objections  that  can  be 
urged  against  it.  I  express  the  opinion  that  it  is  well  adapted  to  scien- 
tific work  of  the  highest  order.  For  use  with  my  own  bar,  I  have  had 
constructed  a  special  objective  provided  with  an  interior  illuminator. 
The  working  distance  is  just  sufficient  to  allow  the  passage  of  the  bar 
under  it. 

(e.)  The  investigation  of  the  error  due  to  the  horizontal  curvature  of 
the  ways  of  a  longitudinal  comparator. 

If  the  microscopes  are  stationary,  and  the  bars  to  be  compared  are 
brought  in  succession  under  them,  the  curvature  of  the  ways  will  pro- 
duce no  effect ;  but  when  the  relation  between  the  separate  subdivisions 
of  the  given  unit  are  to  be  investigated,  or  when  a  given  length  is  to 
be  transferred  from  one  bar  to  another,  the  error  arising  from  the  cur- 
vature of  the  ways  cannot  be  neglected.  The  comparisons  of  Trough- 
ton,  of  Hassler,  and  of  Bache  are  subject  to  this  class  of  errors,  though 
of  course  it  might  have  happened  that  in  each  case  the  curvature  of  the 
ways  was  insensible.  I  cannot  find  that  any  observations  were  made 
to  determine  the  amount  of  the  curvature.     By  reversing  the  position 
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of  the  bars  to  be  compared,  the  error  due  to  curvature  will  be  eliminated 
in  proportion  to  the  ratio  between  the  length  of  the  chords  described 
by  the  microscope  for  the  two  positions  of  the  bars. 

The  necessity  for  taking  into  account  the  error  due  to  curvature  in 
any  given  case  will  clearly  appear  from  the  following  provisional  in- 
vestigation of  its  magnitude  in  my  own  comparator :  — 

X a 

O  A  =     -—3.8  cm.  q  ^__^__ 

O  B  =     +3.8  B b 

O  C  =  +23.8  

OD=+26.8  £ I 


OE=  +30.6  £ 


e 


A  steel  meter  by  Froment  was  placed  in  the  constant  position  O  o. 
A  copper  meter  of  the  new  form  by  Tresca  was  placed  successively  in 
the  positions  A  a,  B  b,  C  c,  D  d,  and  £  e.  The  microscopes  were 
attached  firmly  to  the  plate,  moving  freely  upon  the  ways  of  the  bed- 
plate, each  having  its  own  adjustment  for  focus.  Microscope  B  was 
adjusted  for  coincidence  with  the  end  line  of  the  bar  O  o  at  O,  and 
microscope  A  was  at  the  same  time  adjusted  for  coincidence  with  the 
end  line  of  bar  A  a  at  A.  The  plate  was  then  moved  along  the  ways 
until  microscope  B  was  adjusted  on  the  terminal  line  at  o,  and  for  this 
position  the  micrometer  of  microscope  A  was  read.  Since  the  two 
microscopes  remain  in  the  same  position  with  respect  to  each  other,  the 
difference  between  the  two  readings  of  A  will  indicate  the  difference 
between  the  length  of  the  bars.  By  reading  B  for  the  positions  O  o, 
—  A  being  a  constant,  —  the  relation  between  the  two  bars  will  be 
expressed  in  terms  of  the  micrometer  of  B  also. 

Difference*  in  the  Apparent  Length  of  the  Bars  compared,  varying  with  the  Position  of 

Bar  A  with  respect  to  Bar  B. 


Diriirionsof 
Micrometer. 

Divisions  of 
Micrometer. 

From  Microscope  A. 

From  Microscope  B. 

O-A 

=     —17.7  =  —9.0  p. 

—102.0  =  —9.1  p. 

O-B 

+13.3       +6.7 

+80.3       +7.1 

O-C 

+83.3     +42.1 

+474.O     +42.2 

O-D 

+96.4     +48.8 

+553  7     +49.3 

O-E 

+112  4     +56.9 

+635.0     -4-56.5 

For  the  radius  of  curvature,  we  have  approximately, 

.00658  :  34.4  =  100  :  *. 
•••  x  +  =  5228  meters. 
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It  is  apparent,  therefore,  that,  though  the  radius  of  curvature  exceeds 
a  distance  of  three  miles,  a  correction  of  3.8  divisions  most  be  applied 
to  the  reading  of  microscope  A,  and  of  21.4  divisions  to  the  reading 
of  microscope  B,  for  each  centimeter  of  the  distance  between  the 
two  bars. 

The  radius  of  curvature  can  also  be  found  in  the  following  way.  If 
a  tracing  apparatus  is  attached  to  the  microscope  plate,  a  line  traced 
upon  the  plane  surface  of  a  bar,  by  the  motion  of  the  plate  from  one  end 
of  the  bed-plate  to  the  other,  will  have  the  curvature  due  to  the  dis- 
tance of  the  ruling  diamond  from  the  centre  of  the  slide.  If  the  bar 
is  reversed,  and  a  second  line  is  drawn  upon  the  same  surface  as  nearly 
parallel  to  the  first  line  as  possible,  then  the  ver-sin  of  the  curva- 
ture will  be  equal  to  one  half  the  difference  between  the  distance  of 
the  lines  at  the  middle  point  and  the  half  sum  of  the  distances  at  the 
two  ends. 

Finally,  the  deviation  of  the  microscope  plate  both  from  a  horizon- 
tal and  from  a  vertical  plane  can  be  detected  by  means  of  a  telescope 
mounted  upon  the  sliding  plate*  If  the  telescope  is  pointed  either  at 
the  cross  wires  of  a  collimator,  or  at  a  distant  object,  and  the  point  re- 
mains fixed  with  respect  to  the  cross  wires  of  the  telescope  during  the 
motion  of  the  slide  from  one  end  of  the  comparator  to  the  other,  it  may 
be  assumed  that  It  moves  in  an  invariable  plane.  The  longitudinal 
comparator  at  the  Conservatory  is  provided  with  an  attachment  of  this 
kind. 

(/. )  The  relative  advantage*  of  comparison*  in  air  and  comparison* 
in  a  liquid 

Air  temperatures  are  employed  both  at  the  Conservatory  and  at  the 
International  Bureau.  At  the  Conservatory,  the  bars  to  be  compared 
remain  at  a  constant  air  temperature  for  forty-eight  hours  before  the 
comparisons  are  made.  The  arrangements  for  maintaining  a  constant 
temperature  are  most  admirable  and  effective.  The  means  of  con- 
trolling the  temperature  employed  at  the  International  Bureau  are  some- 
what different,  but  they  give  most  excellent  results.  Nevertheless,  it 
is  yet  an  an  open  question  whether  the  absolute  relation  between  two 
bars  compared  in  air  at  a  given  temperature  can  be  made  to  agree  with 
the  absolute  relation  determined  by  submerging  them  in  a  liquid  at 
the  same  temperature.  The  writer  has  met  with  many  difficulties  in 
this  direction. 

(g.)  The  variation  of  the  absolute  length  of  a  bar  by  a  change  in  it* 
molecular  structure  or  otherwise. 

There  are  some  evidences  that  certain  standards  have  undergone  a 
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change  of  length  since  their  original  construction,  bnt  in  no  case  does 
the  evidence  seem  to  me  to  be  conclusive.  It  is  understood  that  Colonel 
Clarke  finds  a  well-defined  change  in  some  of  the  standards  original!  j 
measured  in  1842-55.  The  platinum  meters  of  the  Royal  Society 
present  some  evidences  of  a  change  of  length  inter  se. 

According  to  the  Fifth  Report  of  the  Standards  Commission  (Ap- 
pendix), we  have  the  Royal  Society  end-meter  equals :  — 

Royal  Society  line-meter  +0.01759  mm.  (Arago,  1818.) 
«  «  -j-°-01881  (Kater,  1818.) 

«  "  .  +0-00940  (Baily,  1835.) 

"  "  -j-0.00837  (Standard's  Office,  1869/* 

We  have  here  an  appearance  of  a  change.  In  deciding  whether  it  is 
a  real  or  an  apparent  change,  it  should  be  remembered  that  in  1818 
t^ere  was  no  defining  cross-line  on  the  line-meter,  and  that  there  is  no 
existing  data  by  which  the  accuracy  of  the  constants  of  the  contact 
pieces  used  with  the  end-meter  can  be  estimated. 

The  Russian  standard  of  length  used  in  the  geodetic  surveys  pre- 
vious to  the  work  done  by  Prazmowski  and  Wagner  presents  the  most 
authentic  instance  of  a  well-defined  change  of  length  which  has  come 
under  my  notice.  This  bar  is  made  of  iron,  and  has  a  length  of  seven 
feet  I  am  not  certain  whether  it  was  forged  or  drawn  through  dies. 
Conical  end-pieces  of  tempered  steel  were  inserted  in  each  end.  In 
the  course  of  two  or  three  years,  this  bar  was  transported  a  distance 
exceeding  8,000  miles,  being  supported  in  a  packing  of  feathers.  At 
the  end  of  this  time  it  was  found  by  Prazmowski  to  be  one  thirteenth 
of  a  line,  or  about  .006  inch  shorter  than  at  the  commencement  of  the 
expedition,  the  two  sets  of  comparisons  having  been  made  at  the  same 
temperature. 

If  it  can  be  established  that  no  permanent  flexure  of  the  bar  took 
place,  we  have  here  an  authenticated  instance  of  an  actual  change  of 
length.  Upon  the  discovery  of  this  change,  from  whatever  cause  pro* 
duced,  a  new  standard  was  constructed,  also  made  of  iron.  It  was 
allowed  to  anneal  for  eight  days  after  being  forged.  It  is  understood 
that  no  change  of  length  has  ever  been  detected  in  this  bar.  Against 
this  somewhat  doubtful  evidence  we  have  the  positive  evidence  by 
Chisholm,  that  Bronze  No.  6  showed  no  evidence  of  a  change  in  length 
in  14  years,  and  of  Baeyer  that  the  precise  mean  length  of  Bessel's 
standard  bars  at  13°  Reaumur  had  not  altered  in  the  20  years  from 
1884  to  1854.  The  change  m  the  mean  length  is  to  be  distinguished 
from  a  change  m  the  coefficient  of  expansion.    The  evidence  of  Baeyer 
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seems  tolerably  conclusive  that  bars  of  iron  and  zinc  are  liable  to  suffer 
a  change  in  their  coefficients  of  expansion,  either  by  an  actual  change 
in  their  molecular  structure  or  by  the  action  of  external  causes. 

The  continuous  measurements  of  the  Conservatory  and  of  the  Inter- 
national Bureau  will,  in  the  course  of  the  next  decade,  furnish  data 
which  will  add  much  to  our  knowledge  of  this  subject. 

(A.)  The  law  which  governs  the  expansion  of  bars  of  different  materi- 
als, and  having  different  masses,  under  a  varying  temperature. 

It  is  well  known  that  Mr.  Sheepshanks,  in  the  comparison  of 
"  Bronze  bar  28  with  Cast-steel  bar  D,"  near  the  close  of  his  labors  on 
the  National  Standards,  found  deviations  which  he  could  not  explain. 
The  importance  of  this  matter  justifies  me  in  quoting  in  full  the  state- 
ment of  Sir  George  Airy  in  his  account  of  the  construction  of  the 
national  standards. 

"  I  proceed  now  to  allude  to  a  discordance  which  was  a  source  of 
great  anxiety  to  Mr.  Sheepshanks. 

"In  April,  1855,  Mr.  Sheepshanks  was  engaged  in  measuring  the 
bar  Cast-steel  D.  By  comparisons  with  four  iron  bars,  (as  stated  in 
the  table  above,)  whose  results  agreed  very  closely,  the  excess  of  Cast- 
steel  D  above  Bronze  28  was  found  to  be  — 3d.61.  But  a  direct  com- 
parison of  Cast-steel  D  with  Bronze  28  immediately  preceding  had 
given  — 0d.46.  This  comparison  was  made  at  the  temperature  45°.54,  or 
16°.46  below  the  standard  temperature.  A  trifling  error  of  expansion 
might  account  for  part  of  the  discordance,  and  the  ordinary  errors  of  ob- 
servation might  account  for  part.  But  in  the  opinion  of  Mr.  Sheep- 
shanks, though  the  whole  discordance  scarcely  exceeded  the  effect  of  the 
thermometric  expansion  of  Bronze  28  for  0°.3  Fahrenheit,  it  was  impos- 
sible so  to  explain  away  the  whole  or  a  large  part  of  it ;  and  he  was 
convinced  that  Bronze  28  had  sensibly  shortened.  And  so  deeply  and 
so  painfully  was  this  impression  fixed  in  his  mind,  that  he  actually  con- 
templated the  rejection  of  all  the  results  which  had  cost  so  many  years 
of  labor,  and  the  commencing  the  work  de  novo." 

Mr.  Sheepshanks  first  disproved,  by  observation,  the  first  conjecture 
on  the  possible  cause  of  the  apparent  change ;  viz.  "  that  Bronze  28, 
still  covered  with  gold-beater's  skin  and  cement  (as  in  the  earlier  com- 
parisons), might  have  been  so  constrained  by  that  covering  that  it 
could  not  shrink  down  to  its  natural  length;  but  that  in  the  last  com- 
parisons with  Cast-steel  D,  when  that  covering  had  been  removed,  it 
had  contracted  itself." 

He  then  compared  Bronze  28  with  twenty-seven  different  bronze 
bars,  and  by  comparing  the  old  and  the  new  measures  found,  with  only 


OF  ARTS   AND  SCIENCES.  801 

one  exception,  a  very  close  accordance.  Mr.  Airy  concludes  this  part 
of  his  report  as  follows :  — 

"First,  there  is  no  evidence  whatever  of  a  general  preponder- 
ance of  excess  from  the  New  Measures  above  the  excess  from  the 
Old  Measures;  the  signs  -f-  and  —  being  intermixed,  in  the  dif- 
ferences, in  all  possible  ways,  and  the  mean  of  the  whole  being 
less  than  O^O.  Secondly,  the  only  instance  which  fairly  supports 
the  conclusion  deduced  from  Cast-steel  D  is  the  first  of  all,  namely, 
Bronze  12.  Cast-steel  D  was  compared  on  April  13,  14,  and  16; 
Bronze  12,  on  April  26,  27,  28,  and  May  1 ;  Bronze  39  (the  next), 
on  April  30.  The  conclusion,  I  think,  is  inevitable,  that  Bronze  28 
really  was  shortened  at  the  beginning  of  April ;  that  it  recovered  its 
exact  length  before  April  30 ;  but  that  this  recovery  took  place  with 
some  fluctuations,  so  that  on  May  1  it  was  subject  to  nearly  the  same 
error  as  before.  Bronze  21,  observed  June  26,  exhibits  a  similar  dis- 
cordance. What  circumstances  can  have  produced  these  changes,  or 
how  far  the  later  fluctuations  are  apparent  rather  than  real,  I  am 
wholly  unable  to  conjecture." 

1  believe  that  the  explanation  of  the  phenomena  observed  by  Mr, 
Sheepshanks  will  be  found  to  fall  under  the  following :  — 

First,  two  bars  of  different  materials,  having  different  shapes  and 
different  masses,  have  a  variable  coefficient  of  expansion  with  respect  to 
each  other,  which  is  a  function  of  the  time  of  exposure  to  a  given  tem- 
perature. 

Second,  the  more  violent  the  change  of  temperature,  the  greater  will  be 
the  variation  in  the  length  of  the  bars  before  they  assume  their  normal 
condition  under  a  constant  temperature. 

All  of  the  bronze  bars  had  the  same  mass.  The  iron  bars  and  the 
steel  bars,  on  the  other  hand,  not  only  had  a  different  mass,  but  they 
were  subject  to  a  different  degree  of  specific  heat.  Their  conductive 
power  was  also  different.  They  also  had  a  different  absorptive  power. 
The  difficulty  with  the  observations  of  Mr.  Sheepshanks  was,  that  they 
were  not  sufficiently  continuous.  They  did  not  extend  over  a  sufficient 
length  of  time  to  enable  him  to  discover  the  slow  changes  which  were 
going  on  in  the  length  of  the  bars  through  the  heat  already  absorbed, 
and  which  was  not  indicated  by  his  thermometers. 

This  paper  has  been  already  extended  so  far  beyond  the  limits  pro- 
posed that  it  is  inexpedient  to  give  even  a  resume  of  all  the  observa- 
tions which  I  have  made  bearing  upon  this  point.  It  will  be  seen  from 
the  following  brief  account,  that  it  is  absolutely  necessary  to  investi- 
gate the  performance  of  two  standards  which  are  to  be  compared  un» 
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der  the  action  of  a  varying  temperature,  in  order  to  decide  how  long 
they  must  remain  at  nearly  a  constant  temperature  before  comparisons 
can  be  safely  made.  The  comparing-room  is  a  small  triangular  space 
partitioned  off  from  the  cellar  of  the  west  wing  of  the  Observatory.  It 
has  two  windows,  one  facing  south  and  the  other  west  All  the  heat 
of  a  furnace  can  be  turned  into  the  room  through  a  pipe  entering  it 
near  the  ceiling.  The  comparator  is  mounted  on  brick  piers  insulated 
from  the  building.  The  temperature  of  the  room  can  be  considerably 
reduced  by  means  of  two  refrigerators,  supported  near  the  ceiling. 
Centigrade  thermometer  No.  1  is  imbedded  in  the  base  of  the  com- 
parator, and  packed  with  iron  filings  taken  from  the  bed-plate.  Cen- 
tigrade thermometer  No.  2  is  suspended  by  a  fine  wire  about  half-way 
between  the  point  where  the  heat  from  the  furnace  enters  the  room  and 
the  upper  surface  of  the  comparator. 

Series  I.  consists  of  partial  records  of  a  comparison  of  a  line-measure 
steel  yard  by  Troughton  and  Simms  with  a  yard  laid  off  on  platinum- 
iridiura  plugs  inserted  in  the  bed  of  the  comparator.  Series  II.  con- 
sists of  partial  records  of  a  comparison  between  two  line-measure  steel 
bars,  of  which  one  is  nickel-plated,  the  graduations  being  upon  the 
nickel  surface.  These  two  bars  were  made  at  the  same  time,  and  of 
the  same  material.    The  bars  have  the  following  dimensions :  — 

Ltngth.      Breadth.     Depth. 

Nickel-plated  bar,  40.4  in.         0.5  in.       2.0  in. 

Steel  bar,  89.37  0.6  1.6 

A  thin  vertical  lamina  of  platinum  is  inserted  in  the  shorter  bar.  In 
other  respects,  it  differs  from  the  longer  bar  only  in  its  dimensions,  and 
in  not  being  nickel-plated*  ■" 

After  the  bars  were  placed  in  position,  they  were  not  disturbed  till 
the  close  of  the  observations.  Whatever  changes  took  place,  there- 
fore, were  due  entirely  to  the  action  of  temperature  upon  the  bars.  In 
Series  I.  the  value  of  one  division  of  the  micrometer  employed  was 
.0000035  inch.  In  Series  II.  it  was  .0000197  inch,  as  stated  on 
page  291. 

Series  I. 


Tim. 

k.      v. 

Tb«rmomet«n. 
No  1.         Ho.  a. 

DUT.  InUngth 

in  Dirinions  of 

MicrooMtar. 

18S0,  Mar.  22,    9    45  A.H. 

5.7 

— 

+35.6 

9    48 

5.9 

— 

+35.3 

9    50 

6.4 

— 

+40.7 

Closed  windows,  and  tamed  on  beat. 
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• 

Ton* 

ThermraraUw. 

Diff.  In  Length 
in  Divisions  of 

b. 

m. 

No.  L 

No.  2. 

Micrometer. 

1880,  Mar.  22,    9 

54  A.M. 

6.7 

— 

4-54.2 

9 

57 

6.8 

_ 

+69.1 

9 

59 

7.6 

— 

+77.0 

10 

2 

8.3 

_ 

+97.8 

10 

4 

9.0 

— 

+116.3 

10 

7 

9.4 

— 

+136.4 

10 

11 

10.0 

16.7 

+158.1 

10 

15 

11.0 

19.4 

+197.4 

10 

18 

11.4 

20.6 

+218.5 

10 

20 

11.7 

21.1 

+238.5 

10 

23 

12.2 

22.2 

+260.0 

10 

26 

12.5 

22.5 

+280.8 

10 

28 

12.8 

23.8 

+300.8 

10 

30 

13.1 

23.9 

+328.8 

10 

82. 

13.4 

24.0 

+347.1 

10 

35 

13.9 

24.9 

+369.6 

10 

88 

14.2 

25.0 

+389.8 

10 

41 

14.7 

25.6 

+404.0 

10 

43 

15.1 

26.2 

+423.8 

10 

46 

15.3 

26.7 

+443.0 

12 

0 

20.3 

33.3 

+660.1 

0 

4  p.m. 

20.4 

33.2 

+659.7 

0 

46 

25.5 

84.4 

+615.9 

0 

49 

25.7 

— 

+611.7 

1 

46 

29.2 

35.6 

+550.6 

1 

49 

28.9 

85,6 

+537.9 

2 

5 

29.6 

_ 

+499.9 

5 

53 

88.8 

-^» 

+50.2 

% 

6 

1 

38.3 

— 

+31.1 

6 

3 

88.2 

— 

+23.0 

6 

7 

38.3 

— 

17.0 

7 

18 

88.8 

— 

+2.4 

7 

50 

88.8 

— - 

—1.6 

8 

21 

38.8 

— 

—1.2 

8 

87 

88.8 

— 

—4.8 

8 

39 

88.8 

— 

—9.1 

lbr.23,    6 

28  A.M. 

5.0 

— 

—167.1 

6 

30 

5.4 

— 

—165.8 

6 

50 

7.3 

— 

—132.2 
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Ton. 

Thermometers. 

DHL  in  Length  • 
in  Division*  of 

h. 

m. 

No.L 

No.  2. 

Micrometer. 

1880,  Mar.  23, 

9 

7  A.M. 

9.9 

— 

+62.9 

10 

47 

11.6 

— 

+19.4 

7 

58  p.m. 

19.0 

— 

—86.5 

8 

1 

19.1 

— 

—81.8 

Mar.  24, 

6 

44a.h. 

17.5 

— 

—147.2 

7 

51 

17.2 

— 

—150.4 

8 

54 

17.2 

— 

—149.9 

8 

57 

17.2 

— 

—151.8 

Series  II. 

Tun. 

Thermometers. 

Diff.  in  Length 
in  Diriiioni  of 

h. 

m. 

No.  1. 

Mo.  2. 

Micrometer. 

1880,  April  11, 

4 

83  p.m. 

47.7 

51.1 

— 297.3 

4 

85 

47.7 

— 

—296.5 

4 

87 

47.7 

50.8 

—295.0 

< 

Shut  off  heat,  and  opened  windows. 

4 

43 

— 

— 

—288.1 

4 

47 

46.8 

28.0 

—327.0 

4 

49 

45.0 

19.2 

—420.3 

4 

52 

44.4 

19.1 

—464.1 

4 

55 

43.8 

18.9 

—585.7 

4 

59 

42.8 

19.0 

—580.7 

5 

1 

41.0 

19.0 

—638.1 

5 

5 

40.2 

19.0 

—669.5 

5 

9 

— 

— 

—702.1 

5 

10 

— 

— 

—707.7 

5 

13 

88.3 

20.0 

—716.0 

5 

27 

36.0 

21.0 

—742.5 

5 

82 

_ 

— 

—746.7 

5 

86 

84.0 

20.8 

—741.2 

5 

41 

— 

— 

—730.7 

5 

46 

83.6 

19.2 

—694.5 

7 

35 

24.1 

17.8 

—497.1 

10 

5 

8.2 

4.4 

—453.9 

April  12. 

Windows  open  all  n 

ight. 

6 

46  A.M. 

1.2 

1.3 

—374.8 

7 

18 

2.7 

1.1 

—369.6 

8 
2 

7 
84  p.m. 

1.8 
4.6 

1.7 
6.2 

—363.9 
—311.6 
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Ti 
h. 

ma. 
m. 

Thermometers. 
No.  L           No.  2. 

in  Divisions 
Morotnetei 

1880,  April  12, 

4 

46  P.M. 

6.7 

9.8 

—283.0 

8 

30 

8.2 

7.9 

—360.7 

8 

33 

8.2 

7.9 

—364.9 

10 

20 

7.2 

6.3 

—386.5 

10 

35 

7.1 

6.9 

—876.5 

10 

56 

7.1 

7.0 

—376.2 

11 

25 

6.6 

6.1 

—378.0 

12 

16 

6.2 

5.2 

—872.0 

April  13. 

Windows  open 

i  all  night 

6 

53  A.M. 

3.1 

8.9 

—329.4 

6 

59 

8.1 

3.9 

—326.9 

8 

23 

4.1 

6.0 

—302.0 

8 

26 

4.1 

6.0 

—296.1 

8 

33 

4.3 

6.9 

—290.2 

9 

13 

5.2 

8.2 

—266.7 

9 

15 

5.2 

8,2 

—268.5 

10 

6 

6.9 

10.2 

—243.5 

10 

8 

6.9 

10.2 

—246.3 

11 

87 

9.7 

13.0 

—247.9 

If  the  changes  of  temperature  are  gradual,  the  two  steel  bars  will 
reach  a  state  of  rest  under  a  constant  temperature  in  about  twelve 
hours ;  but  if  thej  are  subjected  to  an  abrupt  and  violent  change  of 
temperature,  it  is  not  safe  to  make  the  comparisons  till  after  the  lapse 
of  from  forty-eight  to  sixty  hours. 

Bully's  comparisons  of  the  yard  of  the  Royal  Society  certainly  show 
traces  of  an  error  of  the  kind  I  have  here  described.  On  the  other 
hand,  Clarke's  comparisons  do  not  show  any  marked  evidence  of  their 
existence.  But  in  the  former  case,  the  com  paring-room  was  not  well 
adapted  to  the  maintenance  of  a  steady  temperature,  while  in  the  lat- 
ter it  appears  to  have  been  admirably  constructed.  As  observations 
are  still  being  made  with  the  apparatus  at  Southampton,  it  would  be 
interesting  to  see  if  results  corresponding  in  a  general  way  with  those 
I  have  found  could  be  obtained  from  a  special  series  of  comparisons 
arranged  for  this  specific  investigation. 

An  investigation  of  the  character  which  I  have  indicated  is  espe- 
cially necessary  in  the  measurement  of  base  lines  in  which  the  standard 
unit  is  necessarily  subject  to  greater  and  more  rapid  variations  of  tem- 
perature than  take  place  in  a  well  arranged  and  protected  comparing- 
room.  Still  farther  observations  are  necessary  in  order  to  determine 
vol.  xv.  (v.  s.  VII.)  20 
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whether  end-measures  behave  in  the  same  way  as  line-measures  under 
a  varying  temperature. 

( t.)  The  exact  relation  between  the  length  of  the  Imperial  Yard  and 
the  Meter  of  the  Archives. 

The  Imperial  Yard  has  never  been  directly  compared  with  the  Meter 
of  the  Archives.  Our  knowledge  of  the  value  of  the  equation  between 
these  standard  units  depends  solely  upon,  — 

First.  The  indirect  comparison  of  the  platinum  meters  of  the  Royal 
Society  with  the  Meter  of  the  Archives  by  Kater,  Baily,  Clarke,  and 
Chisholm.  All  these  determinations  rest  upon  the  relation  of  the  Royal 
Society  platinum  meters  to  the  Meter  of  the  Archives  given  by  Arago 
in  1818. 

Second.  The  comparison  of  the  iron  meter  of  the  United  States 
Coast  Survey  with  Troughton's  scale,  by  Hassler  (27to-  — 63111*)  in 
1832. 

The  following  are  the  relations  given  by  the  authorities  named  above. 
I  have  subtracted  .00087  inch  from  the  value  given  by  Hassler,  this 
being  the  amount  by  which  the  yard  on  Troughton's  scale  exceeds  the 
length  of  "Bronze  11 "  when  reduced  to  62°. 

Kater,  1818,        "  Metre  a  Traits "  =  39.37076  inches. 

"  Metre  a  Bouts  "  39.37081 

Eater,  1820,         Dolland's  Scale  39.37045 

Baily,  1836,         "  Metre  a  Traits H  39.36968 

"  Metre  a  BouU  *  39.36937 

Clarke,  1866,  "  Metre  a  Traits "  39.37048 
Chisholm,  1870,  Standard  Meter  on  Baily's  metal      39.37112 

Hassler,  1832,      Original  Iron  Meter  39.38005 

Mr.  Hassler  compared  several  other  standards  with  Troughton's 
yard,  but  they  are  not  included  in  the  above  table  ;  first,  because,  with 
the  exception  of  the  brass  meter  by  Lenoir,  there  is  no  evidence  that 
the  standards  compared  are  authentic  copies  of  the  original ;  and,  sec- 
ond, because  the  certificate  of  the  meter  by  Lenoir  refers  to  the  Meter 
of  the  Observatory,  and  not  to  the  Meter  of  the  Archives. 

It  is  obvious  from  this  table,  that  our  present  knowledge  of  the  rela- 
tion between  the  length  of  the  yard  and  the  meter  is  subject  to  great 
uncertainty.  In  deciding  upon  the  weight  which  should  be  assigned 
to  any  particular  value,  it  is  to  be  remembered,  — 

(a.)  That  in  the  comparisons  by  Kater,  Baily,  Clarke,  and  Chis- 
holm, the  constant  relation  given  by  Arago  is  subject  to  great  doubt 
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(b.)  That  the  meters  of  the  Royal  Society  do  not  admit  of  exact 
measurements  in  their  present  state. 

(c.)  That  Kater  has  himself  declared  his  own  determination  to  he 
erroneous. 

(d.)  That  the  values  given  by  Baily  are  expressed  in  terms  of  the 
Scale  of  the  Astronomical  Society,  which  for  39.37  inches  is  .00076 
inch  longer  than  the  Imperial  Yard. 

(e.)  That  the  value  given  by  Mr.  Chisholm  involves  the  errors  of 
transfer  to  the  bar  of  Baily 's  metal. 

(/.)  That  the  lines  on  the  bar  of  Baily 's  metal  do  not  admit  of  great 
precision  in  comparisons  with  moderately  high  powers. 

(g,)  That  the  origiual  iron  meter  has  never  been  compared  with  the 
Meter  of  the  Archives,  but  only  with  the  Meter  of  the  Conservatory. 

In  view  of  these  facts,  it  does  not  seem  too  much  to  say  that  it  is  at 
present  impossible  to  assign  any  value  to  the  equation  between  the  yard 
and  the  meter,  which  is  not  liable  to  an  error  as  great  as  .005  inch. 

Finally,  the  confusion  with  regard  to  this  relation  has  become  so 
great,  that,  by  an  act  of  Parliament  passed  in  1878,  the  relation  found 
by  Kater  was  declared  to  be  the  legal  relation,  without  regard  to  the 
various  determinations  which  have  since  been  made. 

I  will  close  this  article  with  an  abstract  from  the  Philosophical 
Transactions  for  1798,  p.  180,  giving  the  errors  of  the  six-inch  spaces 
of  Troughton's  scale  as  determined  by  Shuckburgh.  As  this  scale  is 
understood  to  be  still  in  existence,  it  would  be  interesting  to  have  a 
remeasurement  of  these  spaces  with  a  comparator  of  modern  construc- 
tion. I  know  of  no  modern  graduations  which  have  a  much  greater 
apparent  accuracy  than  is  here  indicated. 


Iaeh«t. 

from  the  Mean. 

0  to     6 

+.00012  inch. 

6  to  12 

+.00000 

12  to  18 

+.00007 

18  to  24 

—.00013 

24  to  30 

—.00006 

30  to  36 

+.00020 

36  to  42 

—.00033 

42  to  48 

+.00007 

48  to  54 

—.00003 

54  to  60 

.  +.00010 

Hakvabd  Collxos  Obsibvatobt,  April  14, 1880t 
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Sabine's  Experiments  on  the  Length  of  a  Seconds  Pendulum.    1821. 

Kater's  Comparison  of  various  British  Standards.     1821,  page  75,  Ac. 

Kater's  Account  of  the  Preparation  of  the  New  (Secondary)  Standards  of 
Weights  and  Measures.     1826.    Part  II.  page  1,  Ac. 

Kater's  Investigation  of  the  Curvature  of  Bars,  produced  by  the  Inequalities  of 
the  supporting  Sdrface.    1880,  page  859. 

Kater's  Account  of  a  Copy  of  the  Imperial  Yard  made  for  the  Royal  Society. 
1831,  page  845,  Ac. 

Account  of  the  Construction  of  the  New  National  Standards  of  Length,  and  of 
its  principal  Copies.  •  By  G.  B.  Airy,  Esq.,  Astronomer  Royal.  1857,  page 
621.  Ac. 

On  the  Indian  Arc  of  Meridian.    By  Archdeacon  Pratt.    1861,  page  579,  Ac. 

On  the  Rigidity  of  Glass.    By  Dr.  J.  D.  Everett.    1865,  page  39,  Ac. 

On  the  Expansion  by  Heat  of  Metals  and  Alloys.  By  A.  Matthieson.  1866, 
page  861,  Ac. 

Abstract  of  the  Results  of  the  Comparisons  of  the  Standards  of  Length  of 
England,  France,  Belgium,  Prussia,  Russia,  India,  and  Australia,  made  at 
the  Ordnance  Survey  Office,  Southampton,  by  Captain  A.  R.  Clarke,  R.  E., 
F.  R.  S.,  &c.    1867,  page  161,  Ac. 

The  Preparation  in  a  State  of  Purity  of  the  Group  of  Metals  known  as  the 
Platinum  Series,  and  Notes  upon  the  Manufacture  of  IridioPlatinum.  By 
George  Matthey.    Proceedings,  Royal  8ociety,  1879,  page  463. 
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The  Legislation  op  the  United  States  relative  to  Weights  and 
measures,  and  the  reports  to  the  government  on  the  construc- 
TION of  Standards,  mat  be  found  in  the  various  Congressional 
Documents,  as  follows:—- 

Report  of  Committee  on  Fixing  Standards  of  Weight  and  Measure.  Reports  of 
Committees,  15th  Cong.,  2d  Sess.  (1818-10),  vol.  vi.,  Due.  109. 

Report  on  Weights  and  Measures,  by  J.  Q.  Adams,  Sec.  of  State  (Feb.  22, 1821). 
Executive  Papers,  16th  Cong.,  2d  Sess.,  Doc.  109. 

Report  of  Committee  to  whom  was  referred  the  Report  of  the  Sec.  of  State. 
Reports  of  Committees,  17th  Cong.,  1st  Sess.  (1821-22),  vol.  ii.,  Doc.  65. 

Comparison  of  Weights  and  Measures  of  Length  and  Capacity,  by  F.  R.  Hast- 
ier.    Exec.  Doc,  22d  Cong  ,  1st  Sess.  (1832),  vol.  vi..  Doc.  299. 

Constructions  of  Standards  of  Weights  and  Measures.  Reports  of  Committees, 
House  Rep.,  23d  Cong.,  2d  Sess.  (1885),  vol.  i.,  Doc.  132. 

Letter  from  F.  R.  Hasslcr,  in  Rep.  of  Sec.  Treas.  Exec.  Papers,  House  Rep., 
24th  Cong.,  1st  Sess.  (1835),  vol.  ii.,  Doc.  32. 

Report  on  Furnishing  States  with  Standards.  Rep.  Comm.,  House  Rep.,  24th 
Cong.,  1st  Sess.  (1836),  vol.  i.,  Doc.  259. 

Ibid.,  vol.  ii.,  Doc.  449. 

Report  on  Progress  of  Construction  of  Standards,  by  F.  R.  Hassler.  Exec.  Pa- 
pers, 25th  Cong.,  2d  Sess.  (1837-88),  vol.  xi.,  Doc  14. 

Report  on  Construction  and  Completion  of  Standards  for  all  the  States  of  the 
Union,  by  F.  R.  Hassler  (July  4th,  1838).    Ibid.,  Doc.  454. 

Reports  by  F.  K.  Hassler.  Senate  Doc.,  26th  Cong.,  1st  Sess.  (1839-40),  vol. 
ii.,  Doc  15 ;  vol.  viii.,  Doc  608.  Also  Sen.  Doc,  26th  Cong.,  2d  Sess.  (1840 
-41),  vol.  xi.,  Doc.  20. 

Report  on  Progress  in  Construction  of  Standards  of  Liquid  and  Capacity  Meas- 
ure, by  F.  R.  Hassler.  Sen.  Doc,  27th  Cong.,  2d  Sess.  (1841-42),  vol.  Hi., 
Doc  225. 

Reports  by  F.  R.  Hassler.  Sen.  Doc,  27th  Cong.,  3d  Sess.  (1842-43),  vol.  ii., 
Doc.  11. 

Report  relative  to  Weights,  Measures,  and  Balances,  by  F.  R.  Hassler.  Exec. 
Doc,  28th  Cong.,  1st  Sess.  (1843-44),  vol.  iv.,  Doc  94. 

Reports  on  Weights  and  Measures,  by  A.  D.  Bache.  Exec  Doc,  28th  Cong., 
2d  Sess.  (1844-45),  vol.  iv.,  Doc.  159. 

Exec  Doc,  29th  Cong.,  1st  Sess.  (1845-46),  vol.  vii.,  Doc.  225. 

Exec.  Doc,  80th  Cong.,  1st  Sess.  (1847-48),  vol.  ix.,  Doc.  84 

Report  on  Construction  and  Distribution  of  Weights,  Measures,  and  Balances, 
and  on  Comparison  of  Foreign  Standards,  by  A.  D.  Bache.  Exec  Doc, 
84th  Cong.,  3d  Sess.  (1856-57),  vol.  vi.,  Doc  27. 

Report  on  Weights,  Measures,  and  Balances,  by  A.  D.  Bache.  Exec.  Doc,  85th 
Cong.,  2d  Sess.  (1858-59),  vol.  vi.,  Doc.  6.  (This  report  contains  a  r€*ntn€ 
of  the  work  relative  to  the  construction  of  standards  previous  to  1858.  Also 
the  titles  of  all  State  acts  bearing  on  the  subject  from  1819  to  1854.) 

Report  of  Committee  appointed  for  Purpose  of  Investigating  the  Metric  Sys- 
tem, and  accompanying  Bill.  Acts  and  Resolutions  of  89th  Cong.,  1st  Sess. 
(1865-66),  p.  860. 

Report  of  the  Secretary  of  the  Treasury  to  the  House  of  Representatives. 
Reports  in  reference  to  the  Adoption  of  the  Metric  System  (1878),  45th 
Cong.,  2d  Sess.,  House  Doc.  No.  71. 
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The  following  Parliamentary  Sessional  Papers  mat  be  consulted  for 
records  of  the  legislation  of  great  britain  relative  to  the  sub- 
JECT of  Weights  and  Measures:  — 

On  Weights  and  Measures.  Pari.  Papers,  Reports  of  Committees,  1813-14, 
vol.  Hi.,  No.  290.  Also  Rep.  Committees,  Jan.  to  July,  1821,  vol.  iv.,  No. 
671 ;  and  Report  of  Commissioners,  by  Clark,  Gilbert,  Wollaston,  Young, 
and  Katcr,  No.  888  of  same  volume. 

Minutes  of  Evidence  on  Weight  and  Measure  Bill.  Rep.  Committees,  1824, 
vol.  iv.,  No.  94.    Also  Rep.  Committees,  1884,  vol.  xiv.,  No.  464. 

Report  on  Weights  and  Measures,  and  Minutes  of  Evidence.  Rep.  Commit- 
tees, 1836,  vol.  xiv.,  No.  2*2. 

Report  of  Commissioners  appointed  to  consider  the  Steps  to  be  taken  for  the 
Restoration  of  the  Standards  of  Weight  and  Measure,  by  Airy,  Baily, 
Bethune,  Herschel,  Lefevre,  Lubbock,  Peacock,  and  Sheepshanks.  Rep. 
Commissioners,  1884  -  86,  vol.  i.,  No.  177. 

Report  of  Commissioners  appointed  to  consider  Steps  for  the  Restoration  of 
Standards.    Rep.  Commissioners,  1842,  vol.  xi.,  No.  866. 

Report  of  Committee  appointed  to  superintend  the  Construction  of  the  Parlia- 
mentary Standards,  by  Airy,  Rosse,  Wrottesley,  Lefevre,  Lubbock,  Pea- 
cock, Sheepshanks,  and  Miller.    Rep.  Commissioners,  1864,  vol.  xix. 

Report  of  Committee  recommending  the  Legalization  of  the  Metric  System, 
together  with  Minutes  of  Evidence.  Rep.  Committees,  1862,  vol.  vii., 
No.  411. 

Bill  authorizing  the  Use  of  the  Metric  System.  Pari.  Bills,  1864,  vol.  iv.,  Nos. 
24, 166. 

Report  on  the  Exchequer  Standards  of  Weight  and  Measure,  by  H.  W.  Chis- 
holm,  with  Notes  by  G.  B.  Airy.  Accounts  and  Papers,  1864,  vol.  lviii., 
No.  116. 

Bill  to  amend  Acts  relative  to  Standard  Weights  and  Measures.  Public  Bills, 
1806,  vol.  v.,  No.  166. 

Report  of  Commissioners  appointed  to  inquire  into  the  Condition  of  the  Ex- 
chequer Standards,  and  on  the  Abolition  of  Troy  Weight,  with  Minutes 
of  Evidence.    Rep.  Commissioners,  1870,  vol.  xxvii. 

On  the  Application  of  the  Metric  8ystem  to  India.  Rep.  Commissioners,  1870, 
vol.  liii.,  No.  225. 

Report  on  the  International  Conference  on  Weights,  Measures,  and  Coins,  held 
in  Paris,  June,  1867.    1867  -  68,  vol.  xxvii. 

A  Report  to  the  Board  of  Trade  upon  the  Formation  and  Proceedings  of  the 
International  Metric  Commission  at  Paris,  by  W.  H.  Chisholm.  1873, 
vol.  xxxviii. 

General  Index  to  the  Reports  of  the  Standards  Commission.    1873,  vol.  xxxviii. 

Standards  Commission  Reports. 
First  Report     1864,  vol.  xix. 
Second  Report.    1868,  vol.  xxiii. 
Third  Report    1870,  vol.  xxvii. 
Fourth  Report    1870,  vol.  xxvii. 
Fifth  Report.    1871,  voL  xxix. 

Reports  of  the  Warden  of  the  Standards.    No.  1  (1866)  to  No.  11  (1877). 

The  references  to  Parliamentary  Papers,  sad  to  United  Statsa  Congrearional  Doetnavnts,  avs 
ft*  Um  moat  part  takan  from  Um  Oooist  of  fiamsalsxy  Fhytfct ,  by  ProfWaoi  Onafkw  ft.  Croat. 
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I. 

DIMENSIONS  OF  THE  FIXED  STARS,  WITH  ESPECIAL 
.       REFERENCE  TO  BINARIES  AND  VARIABLES   OF 
THE  ALGOL  TYPE. 

By  Edward  C.  Pickering. 

% 

Presented  May  25, 1880. 

Since  direct  measurements  cannot  at  present  be  made  of  the  disks  of 
the  fixed  stars,  any  information  with  regard  to  their  dimensions  de- 
rived from  the  amount  and  character  of  their  light  will  have  a  value. 
This  is  the  course  ordinarily  taken  in  the  case  of  a  satellite  or  small 
planet,  and  appears  to  deserve  a  more  extended  trial  beyond  the 
limits  of  the  solar  system  than  it  has  yet  received.  The  principal 
objection  to  this  method  is  the  uncertainty  in  the  numerical  value  of 
the  intrinsic  brightness  or  other  constants  involved,  which  cannot  at 
present  be  measured  with  accuracy.  The  exact  formulae  will  there- 
fore be  first  given,  and  hypotheses  then  introduced  regarding  the 
values  of  these  constants. 

Let  2?,  b  =  the  diameters  of  the  Sun  and  of  any  given  star,  as 
seen  from  the  Earth,  expressed  in  seconds  of  arc 

Let  /  =  the  intrinsic  brightness  of  the  star,  that  of  the  sun  being 
taken  as  unity ;  in  other  words,  let  I  denote  the  ratio  borne  by  the 
quantity  of  light  emitted  by  the  star  to  that  emitted  by  the  Sun  from 
the  same  superficial  area. 
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Let  S,  s  =  the  light  of  the  Sun  and  of  the  star  expressed  in  stel- 
lar magnitudes  by  means  of  the  scale  of  Pogson,  in  which  a  difference 
of  one  magnitude  corresponds  to  the  logarithmic  ratio,  0.4.  This 
ratio,  expressed  in  numbers,  is  approximately  2.512. 

Let  p  =  the  parallax  of  the  star  in  seconds  of  arc. 

The  observed  light  of  the  star  will  be  to  that  of  the  Sun  as  /  &  is  to 
B* ;  the  difference  in  their  stellar  magnitudes,  or 

s  —  S  =  2.5  log  fp  =  5  log  B—  5  log  b  —  2.5  log  /. 

Hence,  log  b  =  log  B  +  0.2  S  —  0.2  s  —  0.5  log  I 

The  radius  of  the  Sun  equals  16'  2",  and  accordingly  B=  1924". 
The  value  of  S  is  more  uncertain.  Various  determinations  of  the  ratio 
of  the  light  of  the  Sun  to  that  of  Sirius  have  been  made  by  different 
observers.  In  1698,  Huyghens  found  the  value  756,000,000  by  re- 
ducing the  light  of  the  Sun  by  a  minute  hole.*  Wollaston,  in  1829, 
compared  the  image  of  the  Sun  and  of  a  lamp  reflected  in  a  silvered 
bulb  of  glass,  and  deduced  the  ratio  2 0,0 00,000, 000. f  Steinheil,  in 
1836,  using  the  Moon  as  an  intermediate  standard  of  comparison, 
gave  the  value  3,840,000,0004  In  1861,  Bond  determined  the  rela- 
tive light  of  the  Sun  and  Moon  by  comparing  their  reflections  in  a 
glass  globe  with  that  of  a  Bengola  light.  Combining  his  measures 
with  the  comparisons  of  the  Moon  and  Sirius  by  Herschel  and  Seidel, 
he  deduced  the  value  5,970,500,000.§  •  In  1863,  Clark  found  that, 
if  the  Sun  was  removed  to  1,200,000  times  its  present  distance  and 
Sirius  to  20  times  its  distance,  they  would  appear  equally  bright,  and 
equal  to  a  sixth-magnitude  star.  Their  ratio,  consequently,  equals 
3,600,000,000.)  Reducing  these  measures  to  magnitudes,  we  obtain 
the  values,  Huyghens,  22.20 ;  Wollaston,  25.75  ;  Steinheil,  23.96 ; 
Bond,  24.44 ;  and  Clark,  23.89.  The  mean  of  all  of  these  is  24.05, 
with  an  average  deviation  of  0.84.  The  last  three  agree  well,  and 
give  24.10,  with  an  average  deviation  of  0.23.  Probably  24.0  is 
not  far  from  the  truth,  and  may  be  assumed  to  represent  this  ratio  as 
closely  as  it  is  at  present  known.  If  we  adopt  — 1.5  for  the  magni- 
tude of  Sirius,  from  the  measures  of  Herschel  and  Seidel,  we  obtain 
for  the  stellar  magnitude  of  the  Sun  — 25.5. 

*  Cosmotheoros,  La  Haye,  1098. 

t  Phil.  Trans.,  cxix.  28. 

|  Elements  der  Helligkeits-Metttmgen,  Munich,  p.  24. 

§  Mem.  Amer.  Acad.,  viii.  n.  s.,  p.  298. 

H  Amer.  Jour.  Sci.,  xxxtI.  76. 
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Substituting  in  the  formula  for  log  b  given  above,  B  =  1924" 
and  5=  —25.5,  we  obtain  log  b  =  3.284  —  5.100  —  0.2  s  —  0.5  log  / 
=  8.184  —  0.2  s  —  0.5  log  /.  This  formula  is  exact,  and  would  give 
the  true  diameter  of  any  star  if  I  was  known. 

An  approximate  value  of  /  might  be  determined  by  the  following 
method.  Suppose  that  an  electric  current  be  passed  through  a  plati- 
num-iridium  wire  heating  it  to  incandescence,  and  that  the  brightness 
of  a  short  portion  of  it  be  compared  with  an  artificial  star  when  the 
current  is  varied  by  a  known  amount.  As  the  current  increases, 
the  color  of  the  light  changes,  the  amount  of  the  blue  light  increasing 
more  rapidly  than  that  of  the  red.  The  ratio  of  the  two  may  be  de- 
termined by  inserting  a  double-image  prism  in  the  collimator  of  a  spec- 
troscope and  viewing  the  wire  through  it.  The  two  images  may  be  made 
to  overlap  by  any  desired  amount  by  varying  the  distance  of  the  double- 
image  prism  from  the  slit  of  the  collimator.  The  blue  rays  may  thus 
be  combined  with  the  red,  yellow,  or  green,  as  desired.  The  rela- 
tive brightness  of  the  two  images  may  be  varied  by  a  Nicol  placed  in  the 
eyepiece  and  turned  through  a  known  angle.  We  may  thus  combine 
any  portion  of  the  spectrum  with  any  other  part  in  such  a  proportion 
as  to  produce  a  tint  to  which  the  eye  is  especially  sensitive.  From 
the  readings  of  the  Nicol  when  different  currents  are  passed  through 
the  wire,  we  may  determine  the  varying  proportion  of  any  two  rays, 
as  the  red  and  blue,  when  the  wire  is  emitting  a  given  amount  of  light. 
Observing  in  the  same  way  the  spectra  of  the  Sun  and  star,  and 
applying  to  them  the  law  deduced  from  the  observations  of  the  wire, 
we  obtain  an  approximate  value  of  the  comparative  light  emitted  by 
equal  areas  of  the  two  bodies.  This  will  not  be  exact,  since  the 
effect  t)f  absorption  is  not  allowed  for,  a  difference  of  temperature 
being  assumed  to  be  the  only  cauBe  of  the  observed  difference  in  color. 
Probably  the  error  will  not  be  large,  except  perhaps  in  the  case  of  the 
red  stars.  Until  these  measurements  are  made,  we  can  do  no  better 
than  to  assume  that  /  =  1,  or  that  the  emissive  power  is  the  same  for 
the  Sun  and  star.  As  a  large  portion  of  the  stars  have  nearly  the 
same  color  as  the  Sun,  and  a  similar  spectrum,  this  assumption  will 
probably  not  be  far  from  the  truth.  The  term  equivalent  diameters 
may  be  conveniently  applied  to  the  quantities  thus  computed.  They 
may  be  defined  as  the  diameters  the  Sun  would  have  if  removed  suc- 
cessively to  such  distances  that  it  would  equal  in  light  stars  of  the 
given  magnitudes.  The  expressions,  equivalent  densities  and  equiva- 
lent masses,  will  be  used  in  the  same  manner  to  denote  the  densi- 
ties or  masses  of  bodies  in  their  other  properties  resembling  the  Sun. 
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Table  I.  gives  the  equivalent  diameters  of  stars  of  various  magni- 
tudes, assuming  /  =  l.» 

TABLE  I.  —  Equivalent  Diameters  of  Stars  of  Various  Magnitudes. 


Magn. 

Diam. 

Magn. 

Diam. 

Magn. 

Diam. 

0 

0.01628 

5 

0.00163 

10 

o'oook 

1 

.00964 

6 

.00096 

11 

.00010 

2 

.00608 

7 

.00061 

12 

.00006 

8 

.00384 

8 

.00088 

18 

.00004 

4 

.00242 

9 

.00024 

14 

.00002 

The  diameters  corresponding  to  the  intermediate  magnitudes  may 
be  found  from  Table  II.,  which  gives  the  diameters  for  every  tenth  of 
a  magnitude  from  0.0  to  4.9. 

TABLE  II.  —  Equivalent  Diameters  of  Stars  for  bach  Tenth  of  a 

Magnitude. 


Magn. 

Diam. 

Magn. 

Diam. 

Magn. 
2.0 

Diam. 

Magn. 
3.0 

Diam. 

Magn. 

Diam. 

0.0 

#01528 

1.0 

0"00964 

0'/O0608 

0.00384 

4.0 

o"(X>242 

0.1 

.01469 

1.1 

.00920 

2.1 

.00581 

3.1 

.00366 

4.1 

.00231 

0.2 

.01893 

1.2 

.00879 

2.2 

.00666 

8.2 

.00360 

4.2 

.00221 

0.3 

.01880 

1.3 

.00840 

2.3 

.00530 

8.8 

.00334 

4.3 

,00211 

0.4 

.01271 

1.4 

.00802 

2.4 

.00506 

8.4 

.00319 

4.4 

.00201 

0.6 

.01213 

1.6 

.00766 

25 

.00483 

3.6 

.00305 

4.5 

.00192 

0.6 

.01159 

1.6 

.00731 

2.6 

.00461 

3.6 

.00291 

4.6 

.00184 

0.7 

.01107 

1.7 

.00698 

2.7 

.00441 

3.7 

.00278 

4.7 

.00176 

0.8 

.01067 

1.8 

.00667 

2.8 

.00421 

3.8 

.00266 

4.8 

.00168 

0.9 

.01009 

1.9 

.00687 

2.9 

.00402 

3.9 

.00264 

4.9 

.00160 

When  the  magnitude  is  increased  by  ^ve9  the  diameter  will  be  re- 
duced ten  times,  and  the  decimal  point  should  accordingly  be  moved 
one  place  to  the  left  Thus,  if  a  star  of  the  3.5  magnitude  has  a 
diameter  of  0".003,  one  of  the  8.5  magnitude  will  have  a  diameter 
of  0".0003  and  one  of  the  13.5  magnitude,  0".00003.  The  diameter 
of  Sirius  would  be  that  corresponding  to  — 1.5  magnitudes,  or  0".03, 
were  it  not  that  /  is  probably  greater  than  1  owing  to  the  blue  color 
of  the  star,  and  the  diameter  consequently  less. 

Should  future  measurements  render  some  other  value  of  S  more 
probable,  Tables  I.  and  II.  can  still  be  used,  merely  changing  *  by  the 
same  amount  that  S  is  altered. 

The  smallest  star  that  can  be  seen  in  the  15-inch  telescope  of  the 
Harvard  College  Observatory  has  a  magnitude  of  about  15.5,  and  a 
corresponding  equivalent  diameter  of  0."000012. 
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When  the  parallax  of  a  star  is  known,  these  principles  may  be 
applied  to  determining  its  linear  diameter.  If  the  Sun  was  removed 
to  the  distance  of  the  star  its  diameter  would  have  the  same  ratio  to 
the  parallax  that  the  chord  of  the  Sun's  diameter,  as  seen  from  the 
Earth,  has  to  unity.     It  would  therefore  equal 

2p  sin  16'  2"  =  0.00933;?. 

Table  III.  gives  the  light  in  stellar  magnitudes  which  would  be  emit- 
ted by  the  Sun  if  removed  to  such  a  distance  that  its  parallax  would 
have  the  value  given  in  the  first  column. 

TABLE  HI.  —  Parallax. 


Par. 

Magn. 

Par. 

Magn. 

0"l 

6.07 

0"6 

2.18 

0.2 

4.67 

0.7 

1.84 

0.8 

8.68 

0.8 

1.66 

0.4 

8.06 

0.9 

1.30 

0.6 

2.68 

1.0 

1.07 

If  the  parallax  of  a  Centauri  is  assumed  to  be  0".9,  the  Sun  as  seen 
from  it  will  appear  as  a  star  of  the  1.3  magnitude.  The  light  of 
a  Centauri  is  not  known  with  much  certainty,  as  we  have  to  depend 
upon  eye  estimates.  Assuming  the  magnitude  of  the  two  components 
to  equal  0.0  and  3.0,  we  find  that  if  /=  1  for  both  of  them,  their  diam- 
eters will  be  1.82  and  0.46  times  that  of  the  Sun.  The  parallax  of 
61  Cygni  may  in  like  manner  be  assumed  to  be  0".3,  and  the  magnitude 
of  its  components  5.0  and  6.0.  The  Sun  would  then  appear,  from  this 
distance,  as  a  star  of  the  3.7  magnitude,  and  the  diameter  of  the  two 
components,  compared  with  that  of  the  Sun,  if  their  emissive  powers 
are  the  same,  will  be  0.55  and  0.35. 


I.  Binary  Stars. 

In  the  case  of  a  binary  star,  another  equation  of  condition  may  be 
introduced  from  Kepler's  third  law.  Let  N  denote  the  mass  of  the 
binary  in  terms  of  that  of  the  Sun,  P  the  period  of  revolution  in  years, 
a  the  semi-axis  major,  or  mean  distance  of  the  components,  and  b  the 
equivalent  diameter,  or  the  diameter  of  a  star  having  the  same  mass 
as  the  binary,  and  the  same  density  and  intrinsic  brightness  as  the  Sun. 

Comparing  the  binary  with  the  system  formed  by  the  Sun  and  Earth 
seen  at  the  same  distance,  we  see  that  the  two  systems  have  masses  in 
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the  ratio  of  2\Tto  1,  mean  distances  in  the  proportion  of  a  to  p,  and 
periods  of  revolution  as  P  to  1.     Accordingly,  by  Kepler's  law, 

N:  1  =£  :f  or  N=^    ^2?=--^,  si„ce  0.00933,, 

will  equal  the  diameter  of  the  Sun  at  the  distance  of  the  binary. 
Hence,  equating  these  two  values  of  N,  p  is  eliminated,  and  we  have 
£  =  0.00933  «P"l  The  stellar  magnitude  corresponding  to  the  di- 
ameter, b,  may  now  be  found  from  Tables  I.  and  II.  So  far,  no 
hypothesis  has  been  introduced,  and  the  errors  in  these  quantities  will 
depend  only  on  the  errors  in  the  photometric  measurements  and  in  the 
micrometric  determination  of  the  elements  of  the  orbit. 

If  now  we  could  find  the  value  of  /  for  each  of  the  components,  as 
suggested  above,  we  could  determine  the  true  diameter  of  the  two 
stars,  and  from  their  orbits,  and  the  mass  of  the  binary,  deduce  their 
average  densities.  Until  these  measures  are  made,  we  can  do  no 
better  than  assume  that  both  stars  have  the  same  density,  and  that 
/=  1  for  each.  On  this  hypothesis,  if  bl9  fts  are  the  equivalent  diame- 
ters of  the  two  components,  and  b  the  equivalent  diameter  of  the 
binary  as  computed  from  the  time  of  revolution  and  mean  distance, 

the  density  will  equal 


V  +  V 
Since  the  value  of  the  parallax  is  eliminated,  it  follows  that  these 

considerations  will  not  aid  the  determination  of  the  distance  of  a 
binary.  The  time  of  revolution  of  a  binary  would  remain  unchanged 
if  removed  to  double  the  distance,  provided  that  the  linear  distance  of 
the  components  and  their  diameters  were  increased  in  the  same  propor- 
tion, or  that  the  angular  dimensions  of  the  system  remained  unchanged. 
In  other  words,  the  observed  time  of  revolution  of  a  binary  system  is 
wholly  independent  of  its  distance  from  the  observer. 

The  relative  masses  of  the  two  components  could  be  determined 
micrometrically  and  independently  of  the  above  methods,  by  measuring 
the  position  of  each  component  from  the  adjacent  stars.  If  this  was 
repeated  at  intervals  during  an  entire  revolution  of  the  binary,  the 
components  would  be  found  to  have  described  similar  ellipses  whose 
dimensions  would  be  inversely  proportioned  to  the  masses.  From  the 
Proc.  Roy.  Astron.  Soc9  xl.  235,  it  would  appear  that  Mr.  Gill  will 
apply  .this  test  to  the  components  of  a  Centauri.  If  the  difference  in 
light  is  three  magnitudes,  and  the  intrinsic  brightness  and  densities  the 
same  for  the  two  components,  the  ratio  of  the  masses  would  be  as  63 
to  I.  The  semi-axis  major  of  the  ellipse  described  by  the  larger 
star  would  therefore  be,  according  to  the  elements  given  by  Hind, 
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21  80 

-  ^7-  =  0".34.     Owing  to  the  inclination  of  the  plane  of  the  orbit  the 

apparent  ellipse  would  be  much  less  than  this.  Some  other  stars 
would  appear  better  adapted  to  this  test.  The  smaller  difference  in 
light  more  than  compensates  for  the  smaller  orbit.  From  the  data 
given  in  Table  V.,  the  semi-axis  major  of  the  ellipse  described  by 
several  stars  has  been  computed.  The  name  of  the  star  is  followed 
by  the  time  of  revolution  in  years,  and  the  semi-axis  of  the  ellipse  de- 
scribed by  the  larger  component ;  y  Corona  Australis,  45,  1".2 ;  5  Ur- 
sa Majorii,  60,  0".8;  70  Ophiuchi,  94,  0".4 ;  £  Booth,  127,  0".2; 
y  Virginis,  185,  2".0.  Some  others  might  give  a  larger  apparent 
orbit,  but  a  very  long  time  would  be  required  to  detect  the  motion. 
When  the  inclination  of  the  orbit  is  not  zero,  the  apparent  ellipse  will 
be  less  than  that  computed  in  this  manner  in  the  same  proportion  that 
the  apparent  orbit  is  less  than  the  real  orbit  described  by  the  com- 
panion. Similar  observations  might  be  made  on  any  double  stars 
whose  components  appear  to  be  physically  connected.  The  proper 
motion,  however,  complicates  the  phenomenon,  and  cannot  be  distin- 
guished from  the  orbital  motion  as  long  as  the  latter  appears  to  be 
rectilinear. 

So  many  large  telescopes  are  now  devoted  to  the  measurement  of 
double  stars  that  there  is  great  danger  of  an  unnecessary  duplication 
of  work.  A  valuable  contribution  might  be  made  to  our  knowledge 
of  stellar  motion  by  determining  the  positions  of  the  components  of  a 
double  star  with  regard  to  several  adjacent  stars.  Even  if  the  masses 
of  the  components  could  not  thus  be  determined,  we  should  at  least 
provide  the  material  for  an  accurate  measurement  of  their  proper  mo- 
tions in  the  future.  The  same  may  be  said  of  the  determination  of 
the  proper  motions  of  other  stars,  which  could  be  observed  in  this  way 
with  much  greater  precision  than  by  the  usual  meridian  observations. 
Useful  work  could  be  done  by  an  observer  unprovided  with  means  for 
measurements  by  simply  examining  a  large  number  of  double  stars 
and  stars  having  a  large  proper  motion,  and  noting  the  approximate 
position  and  distances  of  any  adjacent  stars  near  enough  and  bright 
enough  for  accurate  measurement.  A  list  would  thus  be  formed  from 
which  the  selection  of  suitable  objects  would  be  easy. 

The  spectroscope,  which  has  opened  so  rich  a  field  for  work  in 
astronomy,  may  be  applied  also  to  the  study  of  the  binary  stars.  If 
measurements  could  be  obtained  of  the  approach  or  recession  of  the 
two  components,  several  interesting  conclusions  could  be  derived  from 
them.  A  single  measurement  would  not  give  the  relative  masses  of 
the  components,  since  the  effect  of  the  proper  motion  cannot  be  dis- 
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tinguished  from  that  caused  by  the  inequality  of  the  masses.  The 
proper  motion  may  be  eliminated  if  the  observations  are  repeated  in 
different  parts  of  the  orbit  of  the  binary,  since  its  effect  would  be 
always  the  same,  while  that  due  to  the  inequality  of  the  masses 
would  be  continually  altering,  becoming  zero  and  altering  its  sign 
twice  during  each  revolution.  If  the  ratio  of  the  masses  could  be 
determined  micrometrically  as  described  above,  the  measures  with  the 
spectroscope  would  determine  the  component  of  the  proper  motion  in 
the  direction  of  the  line  of  sight.  The  principal  use  of  the  measures 
with  the  spectroscope  would  be  to  determine  the  true  dimensions  of 
the  orbit,  and  consequently  the  distance  of  the  binary. 

Let  Q  denote  the  position  angle  of  the  node  of  the  binary,  t  the 
inclination  of  the  plane  of  its  true  to  that  of  its  apparent  orbit,  «  the 
distance,  and  p  the  position  angle  at  the  time  of  observation ;  let  ds  and 
dp  represent  the  annual  changes  in  these  quantities.  Let  us  make  a 
transformation  to  a  system  of  rectangular  co-ordinates  in  which  the  axis 
of  X  shall  coincide  with  the  line  of  nodes,  the  axis  of  Z  coincide 
with  the  line  of  sight,  and  the  axis  of  T'  be  perpendicular  to  both  of 
them.  Then  dz  will  equal  the  annual  change  in  the  distances  of  the 
two  components  from  the  observer,  or  will  measure  in  seconds  of  arc 
the  same  quantity  that  the  spectroscope  measures  by  the  difference 
in  velocity  of  the  two  components.     But 

dz  =  d y  tan  t  and  y  =  s  sin  (p  —  Q)  ; 

hence     dz  =  tan  t  sin  Qp  —  Q)  ds-\-s  tan  %  cos  (p  —  Q)  dp. 

Substituting  the  proper  numerical  values  we  obtain  d z  in  seconds  of 
arc ;  it  should  be  remembered  that  dp  must  be  expressed  in  terms  of 
the  radius,  or  57°.3  must  be  taken  as  the  unit  This  method  may  be 
employed  if  we  have  an  ephemeris  of  the  star,  the  inclination  of  the 
orbit,  and  the  position  angle  of  the  line  of  nodes.  If  the  elements  of 
the  orbit  are  given  without  an  ephemeris,  a  different  formula  must  be 
used.  Let  p  denote  the  real  distance  of  the  components,  and  u  the 
angle  from  the  node  measured  in  the  plane  of  the  orbit.  If  a  system 
of  co-ordinates  is  employed  such  that  X  lies  in  the  line  of  nodes,  T' 
perpendicular  to  it  in  the  plane  of  the  orbit,  and  Z'  in  the  line  of 
sight,  we  have 

y  =  p  sin  ti,  and  dzf  =  d\f  sin  t  =  sin  t  sin  u  d  p  -|-  p  sin  i  cos  u  du. 

If  the  orbit  is  circular,  u  increases  uniformly  with  the  time,  and 
p  is  constant  and   equals   a;  hence   dz'  =  a  sin  %   cos  u  du.     If 

in  this  expression  du  =  -—y  or  denotes  the  fraction  of  the  orbit 
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traversed  in  one  year,  dzf  =  — p —  cos  u.    The  maximum  value  of 

this  expression  occurs  when  u  =  0°  or  ir,  and  is     ra"n  ' .     If  the 

orbit  is  elliptical,  p  and  u  may  be  deduced  from  the  elements,  and  dz 
may  be  expressed  as  a  function  of  the  eccentricity,  node,  and  time, 

multiplied  by  the  factor,  which  is  constant  for  each  orbit,  a  8 *"* ' . 

Let  V  denote  the  velocity  of  light,  v  the  velocity  of  approach  of  a 
star,  X  the  wave-length  of  a  given  ray  of  light,  and  /  the  corresponding 
change  it  undergoes,  due  to  the  velocity.     Then  V-\-  v :  V=  X  -j- 1:  X 

or  v  =  V  -r ;  v  and  V  are  commonly  expressed  in  kilometers  per 

second,  I  and  X  in  ten-millionths  of  a  millimeter;  V=  300000.  The 
line  F  is  frequently  used  in  these  measures,  and  for  it  X  =  4865.  Sub- 
stituting these  values,  v  =  62  /.  For  the  D  line,  X  =  5900,  and 
since  the  interval  between  the  two  components  equals  6,  a  velocity  of 
305  kilometers  per  second  will  be  required  to  produce  a  deviation  equal 
to  the  interval  between  these  lines.  It  will  be  more  convenient  to 
measure  the  velocity  of  a  star  in  terms  of  m,  the  annual  motion,  tak- 
ing the  distance  from  the  Earth  to  the  Sun  as  a  unit.  This  may  then 
be  reduced  to  seconds  of  arc,  if  the  distance  of  the  star  is  known,  by 
multiplying  by  the  parallax  p.  Light  traverses  the  distance  from  the 
Earth  to  the  Sun  in  about  498  seconds,  or  would  traverse  63300  times 

this  distance  in  a  year.  Accordingly,  v  =  63300  —  ;  for  the  F  line 
v  =  13  /,  for  the  interval  of  the  D  lines,  v  =  64  L  If  /  is  positive  or 
the  line  moves  toward  the  red  end,  it  denotes  that  the  star  is  receding 
from  the  observer.  We  have  thus  two  values  of  the  relative  motion  of 
the  stars  in  the  line  of  sight ;  one,  d  z,  deduced  by  computation  from 
the  micrometer  measurements ;  the  other,  v p,  or  13  I p,  if  the  inline  is 
observed,  found  by  the  spectroscope.     Equating  these  values,  since  p 

d  z 
is  the  only  unknown  quantity,  p  =  z^j.     The  dimensions  of  the  orbit 

are  now  found  directly,  since  -  will  equal  the  semi-axis  major  in  terms 

of  the  distance  of  the  Sun  from  the  Earth. 

It  not  unfrequently  happens  that  we  have  an  estimate  of  the  differ- 
ence in  magnitude  of  the  two  components  of  a  double  star  by  one 
observer  using  a  telescope,  and  also  an  estimate  of  their  combined 
light  by  another  observer  viewing  them  with  the  unassisted  eye.  From 
these  data  we  wish  to  determine  the  brightness  of  either  component 
alone.  Sometimes  we  have  the  opposite  problem,  given  the  magnitude 
of  the  separate  stars  to  find  that  of  both,  as  seen  by  the  eye  or  in  a 
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telescope  not  capable  of  separating  them.  Let  I  denote  the  light  of 
the  fainter  star  in  terms  of  the  brighter,  and  m  the  magnitude  of  the 
fainter  minus  the  magnitude  of  the  brighter.  Then,  on  Pogson's  sys- 
tem, m  =  — 2.5  log  /.  If  M  is  the  magnitude  of  the  brighter  star  minus 
that  of  a  star  equivalent  to  the  two  combined,  or  haying  the  light  (1  — |—  /), 
then  Mz=. — 2.5  log(l  ~{-l).  From  these  formula  we  can  always 
find  the  corresponding  values  of  M  and  m.  The  maximum  value  of 
M  =  0.75  when  m  is  zero  or  the  stars  are  equal.  Table  IV.  enables  us 
to  determine  M  to  the  nearest  tenth  of  a  magnitude  for  any  value  of  m. 
As  an  example,  suppose  two  stars  have  magnitudes  2.0  and  3.0;  then 
m  =  3.0  —  2.0  =  1.0,  and  M,  from  the  table,  lies  between  0.35  and 
0.45  or  equal 8  0.4.  The  light  of  both  combined  will  therefore  equal 
2.0  —  0.4  =  1.6. 

TABLE  IV.  — Combination  op  Two  Stabs. 


M. 

m. 

m'. 

0.05 

8.32 

1.90 

0.15 

207  • 

1.06 

0.26 

1.47 

0.64 

0.36 

1.05 

0.34 

0.46 

0.72 

0.11 

0.65 

0.45 

— 

0.66 

0.22 

^— 

0.75 

0.00 

— 

It  is  sometimes  convenient  to  know  what  would  be  the  magnitude 
of  a  star  whose  mass  was  equal  to  that  of  the  two  components  of  a 
double  star  of  the  same  density'  and  brightness.  Let  m!  equal  the 
difference  in  magnitudes  of  the  two  components,  and  I  and  n,  the  light 
and  mass  of  the  fainter  in  terms  of  the  brighter.     Then 

rri  =  —2.5  log  /  =  —2.5  log  nl  =  — 1.67  log  n, 

since  the  light  is  proportional  to  the  square,  and  the  mass  to  the 
cube,  of  the  diameter.  If  then  M  equals  the  magnitude  of  the 
brighter  component  minus  that  of  both  combined,  we  shall  have 
M=  1.67  log  (1  -|-  w),  from  which  M  is  determined  as  before  from 
any  given  value  of  mf.  The  third  column  of  Table  IV.  gives  the 
value  of  m'  corresponding  to  every  odd  twentieth  of  a  magnitude  of  M. 
The  value  of  the  latter  may  thus  always  be  determined  to  the  nearest 
tenth  of  a  magnitude.  The  maximum  value  of  M  is  0.50,  when 
m'  =  0.  Adopting  the  same  magnitudes  as  in  the  last  example,  if  two 
stars  have  the  magnitudes  of  2.0  and  3.0,  m!  will  equal  1.0.  This 
value  from  the  third  column  of  Table  IV.  will  correspond  to  a  value 
of  M  lying  between  0.15  and  0.25,  or  will  equal  0.2.    The  magnitude 
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of  a  star  having  the  same  mass  as  the  binary  will  therefore  have  a 
magnitude  2.0  —  0.2  =  1.8. 

Most  of  the  binary  stars  whose  orbits  have  been  computed  are  com- 
pared in  Table  V.  The  successive  columns  give  a  current  number, 
the  name  of  the  star,  the  number  of  the  Dorpat  Catalogue,  the  right 
ascension  and  declination  for  1880,  the  semi-axis  major  in  seconds,  the 
eccentricity,  the  period  in  years,  and  the  inclination  of  the  plane  of  the 
orbit  in  degrees.  The  next  two  columns  give  the  magnitudes  of  the 
components  as  estimated  by  Struve.  Three  of  the  stars  are  not  con- 
tained in  the  Dorpat  Catalogue,  and  for  them  the  magnitudes  given 
have  been  assumed.  The  next  column  gives  the  equivalent  diameter 
0.00933  a  P  ,  or  the  magnitude  of  a  star  having  the  mass  of  the 
binary  and  the  density  and  brightness  of  the  Sun.  From  the  magni- 
tudes of  the  components  we  may  compute,  by  the  third  column  of 
Table  IV.,  the  brightness  of  a  star  having  the  same  mass  as  the  binary 
and  the  same  brightness  and  density  as  its  components.  Subtracting 
from  this  quantity  that  given  in  the  preceding  column  gives  the  next 
column.  If  these  quantities  were  small,  we  might  assume  that  they 
were  due  to  errors  in  the  assumed  magnitudes  of  the  stars.  Their 
variations  are,  however,  far  too  large  to  be  explained  in  this  way.  As 
they  are  almost  all  negative,  we  may  infer  that  the  assumed  light  of 
the  Sun  is  too  small,  or  that  a  larger  value  should  have  been  given  on 
page  2  to  S.  A  great  part  of  the  difference  must  be  ascribed  to 
variations  in  the  density  or  brightness  of  the  stars.  We  have  at  present 
no  way  of  discriminating  between  these  causes.  Such  a  method  as 
has  been  proposed  on  page  3  for  determining  I  would  serve  to  distin- 
guish them.  Until  then,  it  will  be  convenient  to  reduce  this  differ- 
ence from  magnitudes  to  the  relative  diameters  of  two  stars  of  equal 
density  and  brightness,  one  having  a  mass,  the  other  emitting  a  light 
equal  to  that  of  the  binary.  Assuming  the  diameter  of  the  first  of  these 
stars  as  a  unit,  the  diameter  of  the  other  is  given  in  the  next  column, 
and  may  be  denoted  by  C.  In  almost  all  cases  this  quantity  is  greater 
than  unity,  from  which  we  should  infer  that  most  of  the  stars  enumer- 
ated are  either  much  brighter  or  much  less  dense  than  the  Sun,  unless, 
as  suggested  above,  the  measurements  of  the  light  of  the  Sun  are 
largely  in  error.  Let  d  denote  the  density,  b  the  brightness  of  the 
components  of  the  binary,  and  D  the  equivalent  diameter  of  the 
binary  in  terms  of  the  same  unit  as  (7.    Then  D%  :  C%  =  1 :  b,  and 

D* :  1*  =  1 :  rf;  eliminating  2),  O  =  ^ ,  or  the  brightness  is  propor- 
tional to  the  square  of  O  and  the  density  inversely  as  its  cube.    If 
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then  the  star  has  the  same  density  as  the  Sun,  the  square  of  C  will 
give  its  brightness.  Again,  if  the  star  has  the  same  brightness  as  the 
Sun,  its  density  will  equal  one  divided  by  the  cube  of  C. 

The  product  of  the  semi-axis  major  by  the  sine  of  the  inclination 
and  divided  by  the  period  is  given  in  the  last  column  but  one.  It 
serves  as  a  measure  of  the  annual  approach  or  recession  of  the  two 
components.  Neglecting  the  eccentricity,  the  maximum  motion  in  sec- 
onds will  equal  this  quantity  multiplied  by  2  n  =  6.28. 

The  last  column  gives  the  name  of  the  astronomer  by  whom  the 
orbit  was  computed,  which  is  adopted  in  this  discussion. 

An  inspection  of  the  last  column  but  one  shows  that  the  value  of 


aunt 


in  several  cases  amounts  to  0".03  or  even  more.     Neglecting 

the  eccentricity,  the  maximum  motion  would  therefore  equal  2  ir  times 
this  quantity,  or  nearly  0".2.  The  eccentricity  in  some  cases  would 
diminish  the  motion,  but  in  other  cases  it  would  increase  it.  An  ec- 
centricity of  0.5  might  vary  it  from  0".l  to  0".4,  according  to  the 

position  of  the  peri-astron.     This  value  of  — —  would  probably  be 

even  larger  for  some  of  the  recently  discovered  stars,  in  which  P  is 
still  smaller  than  in  the  stars  given  in  the  table.  It  is  commonly 
supposed  that  the  parallax  of  an  average  first-magnitude  star  does 
not  much  exceed  0".l.  That  of  a  sixth-magnitude  star  would  then 
be  about  0".01  unless  the  fainter  stars  are  really  smaller  than  the 
brighter,  or  unless  there  is  a  perceptible  absorption  of  light  in  space. 
Substituting  the  values  dz  =  0".2,  p  =  0".01,  in  the  formula  for  the 

-Fline,2>  =  rrr>  given  on  page  9,  we  deduce  1=  - —  =  1.5.    Ac- 

ccordingly  the  difference  in  the  positions  of  the  F  line  would  be 
1.5  times  as  great  as  the  deviation  observed  in  the  case  of  Sirius. 
As  the  spectra  of  the  two  components  could  be  observed  in  turn  (or 
perhaps  simultaneously)  without  disturbing  the  spectroscope,  many 
of  the  causes  of  uncertainty  present  in  similar  measures  of  single 
stars  would  be  removed. 

In  any  case,  if  the  F  line  could  be  seen  in  both  components,  we 
could  assign  a  limit  within  which  we  could  be  certain  that  it  was  the 
same  for  both,  and  this  would  give  a  value  of  the  parallax  which 
must  be  less  than  the  true  parallax.  A  determination  of  the  outside 
limit  of  distance  of  a  star  would  appear  to  have  nearly  the  same  im- 
portance as  the  inside  limit  of  distance  found  by  micrometric  distance. 
Moreover  it  does  not  seem  probable  that  a  star  will  be  found  whose 
parallax  is  very  large,  or  previous  observation  might  have  detected  it. 


14  PROCEEDINGS  OF  THE  AMERICAN  ACADEMY 

The  search  for  a  star  with  a  very  small  parallax  seems  more  hopeful, 
since  it  could  not  have  been  detected  by  other  measures. 

The  observation  would  have  value  if  we  could  determine  the  direc- 
tion of  the  motion,  even  if  we  could  not  measure  its  amount,  since 
it  would  show  which  portion  of  the  orbit  was  turned  towards  the 
observer.  This  cannot  be  found  from  the  micrometric  measurements, 
since,  although  we  can  obtain  from  them  the  amount  of  the  inclina- 
tion, we  cannot  determine  its  sign. 

It  is  also  possible  that  some  method  of  greater  delicacy  may  be  dis- 
covered, so  that  the  spectroscope  may  be  replaced  by  a  more  sensitive 
instrument,  as  it  has  been  by  the  interferential  refractometer  in 
measuring  the  index  of  refraction  of  gases. 

The  semi-axes  major  of  2  3121,  1768,  2262,  and  2055  are  not  given 
in  the  original  publications  of  the  orbits.  The  values  inserted  in 
Table  V.  are  those  given  in  the  Handbook  of  Double  Stars,  by 
Messrs.  Crossley,  Gledhill,  and  Wilson.  This  work  has  also  proved 
most  useful  in  various  ways  in  the  preparation  of  this  paper.  The 
value  of  a  given  by  Dr.  Auwers  for  a  Cants  Majoris  is  2.33.  This 
relates  to  the  ellipse  described  by  the  bright  star.    As  the  companion 

is  assumed  to  have  a  mass  —  times  as  great  as  this,  the  value  of  a 

must  be  multiplied  by  3.05,  and  therefore  2.33  X  3.05  =  7.11  is  the 
value  adopted.  It  is  obvious  that  for  this  star  the  intrinsic  bright- 
ness of  the  two  components  is  by  no  means  the  same.  If  the 
density  is  the  same,  the  diameter  of  the  companion  would  be 
0.79  that  of  the  primary.  The  area  of  its  disk  would  be  0.62, 
while  its  light*  is  only  0.0001  of  that  of  its  primary.  The  very 
large  relative  diameter  of  y  Leonis  is  remarkable.  Its  brightness 
must  be  about  three  hundred  times  that  of  the  Sun,  if  its  density  is 
the  same.  On  the  other  hand,  if  no  brighter  than  the  Sun,  its 
density  would  be  only  one  seventh  of  that  of  atmospheric  air  at  the 
standard  density  and  pressure,  to  give  it  a  sufficient  bulk  to  emit  its 
observed  light.  If  the  other  binaries  have  the  same  density  as  the 
Sun,  their  brightness  must  vary  from  100  in  the  case  of  d  Oygni  to 
0.06  in  the  case  of  p  Eridani,  the  brightness  of  the  Sun  being  taken 
as  the  unit  The  semi-axis  major  and  period  of  61  Cygni  are  taken 
from  Newcomb  and  Holden's  Astronomy.  Although  this  star  is  com- 
monly regarded  as  a  binary,  the  evidence  in  favor  of  this  view  seems 
to  depend  upon  the  large  proper  motion  of  both  components,  and  the 
fact  that  both  appear  to  be  comparatively  near  the  Sun.     It  is  doubt- 

*  Ann.  Harv.  Coll  Observ.,  xi.  177. 
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ful  whether  the  observations  jet  made  are  sufficiently  exact  to  prove 
a  connection  between  the  components.  To  establish  this  proposition, 
and  also  as  an  example  of  a  convenient  means  of  distinguishing  a 
binary  star  from  one  which  is  optically  double,  the  following  investiga- 
tion is  given  of  the  more  important  observations  of  61  Cygnt.  We 
cannot  conclude  that  a  star  is  binary  unless  the  path  described  by  one 
of  its  components  appears  to  be  concave  with  respect  to  the  other. 
If  the  motion  appears  to  be  rectilinear,  it  is  more  probably  that  due  to 
the  proper  motion  of  one  of  them,  or  rather  to  the  combined  effect  of 
the  proper  motions  of  both.  On  the  other  hand,  if  the  path  is  con- 
vex, it  is  extremely  probable  that  there  is  a  real  connection  between 
the  two,  as  there  is  no  instance  known  of  a  star  describing  a  curved 
path  due  to  proper  motion  alone.  The  motion,  if  rectilinear,  should 
also  be  uniform,  while,  if  curved,  the  motion  should  be  most  rapid 
when  nearest  the  other  star.  The  law  that  the  area  described  by  the 
radius  vector  is  proportional  to  the  time,  cannot  be  used  to  distinguish 
between  those  motions,  since  it  will  apply  to  both. 

Suppose  that  the  measures  are  transformed  to  a  system  of  rectan- 
gular co-ordinates,  having  one  component  as  the  origin,  and  the  axis 
of  X  nearly  parallel  to  the  path  of  the  other  component.  Except 
for  the  accidental  errors,  the  value  of  y,  if  the  motion  is  rectilinear, 
should  be  the  same  for  all  the  observations  from  the  beginning  to  the 
end  of  the  series.  If  the  axis  of  X  is  not  exactly  parallel  to  the  line 
of  motion  the  values  of  y  should  increase  slowly  from  one  end  of  the 
series  to  the  other.  If  they  are  corrected  by  an  amount  which  will 
be  proportional  to  the  time,  this  variation  should  disappear.  If  the 
star  is  binary,  however,  the  value  of  y  will  vary,  in  general  having 
its  greatest  value  during  the  middle  of  the  period,  and  being  smaller  at 
the  beginning  and  end. 

The  values  of  x,  if  the  motion  is  rectilinear,  will  vary  uniformly 
with  the  time,  and,  if  corrected  by  a  constant,  plus  another  constant 
multiplied  by  the  time,  will  leave  residuals  that  are  very  small.  If 
the  motion  is  curved,  on  the  other  hand,  this  condition  will  not  be 
fulfilled. 

A  reduction  of  the  observations  of  61  Cygni  is  given  in  Table  VL 
Of  the  measurements  made  during  the  last  half-century  only  those 
made  by  the  Struves  and  by  Dembowski  have  been  employed.  The 
position  angles  are  first  corrected  for  precession  and  reduced  to  the 
epoch  of  1880  by  the  formula 

0°.00557  sin  a  sec  d  (t  —  1880)  =  — 0°.005  (t  —  1880). 
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A  simple  computation  shows  that  the  direction  of  the  motion  is 
nearly  that  of  the  position  angle  256°.  We  have  accordingly, 
y=  i  cob  (p —  166°),  and  i- :  -:  »  sin  (p  —  166°).     In  the  successive 

TABLE  VI  — Path  of  61  Cram. 
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columns  of  Table  VI.  are  given  a  current  number,  the  date,   the 
name  of  the  observer,  the  corrected  position  angle,  the  distance,  and 
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the  values  of  x  and  y.  The  value  of  y  is  approximately  15". 20  ;  that 
of  x,  0".21  (t  — 1814).  Residuals  are  accordingly  given  in  the  last 
two  columns  by  subtracting  the  values  of  y  and  x  thus  obtained  from 
those  observed. 

The  residuals  in  the  last  two  columns  are  evidently  not  due  to  acci- 
dental errors,  but  whether  they  are  caused  by  curvature  of  the  path  or 
systematic  errors  of  the  observer  is  less  evident.  The  first  nine  sets 
are  so  discordant,  that  little  dependence  can  be  placed  upon  them. 
The  values  of  A  y  show  a  very  slight  increase,  followed  by  a  diminu- 
tion in  the  later  values.  A  x  seems  to  diminish  slowly,  the  later  values 
of  the  Struves  and  of  Dembowski  being  somewhat  less  than  the  earlier. 
The  curvature  is  so  slight,  that  it  has  been  thought  to  indicate  an 
hyperbolic  orbit.  The  observations  so  far  made  will  however  be  very 
nearly  satisfied  by  a  large  circular  orbit  seen  obliquely,  so  that  the 
part  described  during  the  last  century  has  been  that  near  the  end  of 
the  minor  axis  of  the  apparent  ellipse. 

If  we  take  the  mean  of  the  residuals,  we  find  the  values  for  A  x  of 
0".25  and  for  A  y  of  0".15.  As  these  include  all  kinds  of  systematic 
errors,  the  deviations  from  a  straight  line  can  scarcely  be  regarded  as 
certain. 

II.    Variable  Stars  of  the  Algol  Type. 

Variable  stars  may  be  divided  into  several  classes,  according  to  the 
nature  of  the  fluctuations  of  their  light.  First,  temporary  stars, 
which  appear  suddenly,  and  gradually  fade  away  during  the  next  few 
months.  The  most  famous  star  of  this  class  is  that  observed  in  1572, 
by  Tycho  Brahe.  The  new  stars  in  Corona  Borealis  in  1866  and  in 
Cygnus  in  1876,  are  recent  examples  of  this  class.  Second,  a  large  part 
of  the  variable  stars  pass  from  their  maximum  to  their  minimum  and 
back  again,  in  from  six  months  to  two  years,  the  period  and  the  bright- 
ness at  the  maximum  and  minimum  being  somewhat  variable.  The 
change  in  light  is  generally  very  great,  amounting  to  several  hundred, 
or  even  thousand  times.  The  most  striking  examples  of  this  class  are 
o  Geti  and  \  Cygni.  Thirdly,  we  have  the  slight  changes  to  which  many 
(or,  according  to  Dr.  Gould,  most)  stars  are  liable.  These  changes 
seem  to  be  irregular  in  many  cases ;  at  least,  their  law  is  not  yet  known. 
Examples  of  this  class  are  furnished  in  a  Orionis  and  a  Cassiopeia. 
Fourthly,  certain  stars  continually  vary,  going  through  a  series  of 
changes  in  the  course  of  a  few  days,  which  appears  to  be  repeated  ex- 
actly. Two  causes  seem  here  to  be  superimposed,  one  producing  one 
vol.  xvi.  (h.  s.  VIII.)  2 
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maximum  and  one  minimum  in  each  period,  the  other  two  maxima  and 
two  minima  in  the  same  time.  As  examples,  0  Lyra  and  d  Cephei 
may  be  noted.  Fifthly,  we  have  a  class  of  stars  which  during  the 
greater  part  of  the  time  remain  unchanged  in  brightness,  but  at  regu- 
lar intervals  lose  in  the  course  of  a  few  hours  a  large  part  of  their 
light,  and  regain  it  with  equal  rapidity.  These  changes  appear  to  be 
repeated  with  the  greatest  regularity,  so  that  the  interval  can  be  com- 
puted in  some  cases  within  a  fraction  of  a  second.  Algol,  or  0  Persei, 
is  the  most  striking  example  of  this  class  to  which  d  Caneri  and 
d  Libra  also  belong. 

Various  theories  have  been  advanced  to  account  for  these  phenomena. 
Probably  different  causes  act  in  the  case  of  the  different  classes.  One 
theory  would  assume  that  by  a  collision,  or  by  the  liberation  and  ignition 
of  a  vast  amount  of  hydrogen,  the  star  was  suddenly  heated  to  incan- 
descence, and  gradually  lost  its  light  by  cooling.  This  explanation 
would  apply  only  to  stars  of  the  first  class ;  it  is  strengthened  in  the 
case  of  the  new  star  in  Gygnus  by  the  observations  with  the  spectro- 
scope. The  spectrum  gave  at  first  the  lines  of  incandescent  hydrogen 
which  disappeared  as  the  light  faded.  It  has  been  urged  that,  to 
account  for  the  rapid  cooling,  the  star  must  have  been  small,  perhaps 
only  a  few  miles  in  diameter,  and  consequently  not  very  distant  This 
view  is  contradicted  by  the  absence  of  perceptible  parallax.  If  we  con- 
sider how  quickly  a  meteorite  becomes  heated,  and  again  gives  up  its 
heat,  this  argument  loses  its  force.  The  star  may  be  large  and  dis- 
tant, the  surface  only  being  heated,  and  soon  losing  its  heat  by  radia- 
tion and  conduction.  This  explanation  appears  more  probable  than 
that  the  light  is  cut  off  by  clouds  of  smoke  or  steam,  as  has  been  sug- 
gested by  some  astronomers. 

Stars  constituted  like  our  Sun,  but  in  which  the  variations  in  size  of 
the  spots  would  be  far  greater,  might  undergo  considerable  changes  in 
light  While  it  is  difficult  to  account  for  the  great  changes  in  class 
two  in  this  way,  those  in  class  three  may  be  thus  explained.  A  popu- 
lar theory  for  the  variation  of  stars  of  short  period  is  that  it  is  due  to  the 
revolution  of  the  star  upon  its  axis,  when  the  different  portions  are  of 
unequal  brightness.  The  variation  in  light  of  Iapetus,  the  outer  satel- 
lite of  Saturn,  is  commonly  explained  in  this  way.  A  similar  effect 
would  be  produced  if  the  star  was  not  spherical,  and  in  revolving  ex- 
posed a  disk  of  varying  area.  A  great  variation  could  not  thus  be 
produced  without  the  revolving  body  assuming  a  condition  of  unstable 
equilibrium.  For  the  application  of  these  principles  to  Iapetus.,  see 
AnnaU  of  Harvard  College  Observatory,  xi.  264.    This  theory  may  ex 
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plain  the  variations  of  stars  of  the  fourth  class.  Another  theory  would 
account  for  the  changes  of  light  by  an  opaque  body  or  satellite  passing 
between  the  star  and  the  observer.  It  will  be  the  object  of  the  fol- 
lowing discussion  to  show  how  fully  this  explanation  will  account  for 
the  variations  of  stars  of  the  fifth  class.  A  modification  of  this  theory 
would  replace  the  single  eclipsing  body  by  a  cloud  of  meteorites.  Such 
a  theory  will  account  for  almost  anything  by  suitably  modifying  the  dis- 
tribution of  the  meteors.  If  we  can  show  that  all  the  effects  may  be 
explained  by  a  single  body,  or  what  amounts  to  the  same  thing,  a 
spherical  cloud  of  meteors  so  dense  as  to  be  opaque,  there  seems  to  be 
no  reason  for  assuming  a  cloud  of  another  form.  All  that  can  be 
claimed  for  any  theory  is  that  it  explains  all  the  facts.  If  then  the 
computed  variations  of  light  agree  with  the  observations  within  the 
limits  of  errors  of  observation,  that  is  all  that  can  be  asked,  and  the 
theory  should  be  accepted  as  the  most  probable  explanation  until  some 
new  fact  is  discovered  which  it  will  not  explain,  or  some  new  theory 
which  agrees  equally  well  with  observation  and  appears  to  be  less 
improbable.  The  diminution  in  light  might  be  caused  by  the  inter- 
position of  a  body  which  was  self-luminous,  instead  of  dark.  We 
should  then  have  a  close  double-star,  one  component  of  which  passed 
in  front  of  the  other.  If  the  orbit  was  circular,  we  should  have  two 
minima  during  each  revolution,  and  at  these  times  the  star  would 
appear  of  unequal  brightness,  unless  the  intrinsic  brightness  of  the 
two  bodies  was  the  same.  When  the  darker  body  passed  in  front  of 
the  brighter,  the  light  would  be  less  than  when  the  brighter  passed  in 
front  of  the  darker.  If  the  orbit  was  elliptical  there  might  be  only 
one  minimum.  In  the  case  of  Algol  more  than  half  the  light  is  cut 
off  at  the  minimum ;  consequently  one  body  must  be  darker  than  the 
other.  As  no  second  minimum  has  ever  been  observed,  it  is  probable 
that  the  eclipsing  body  is  not  self-luminous. 

We  must  now  show  that  neither  of  the  other  theories  named  above 
will  explain  the  variations  of  Algol  and  of  other  stars  of  the  fifth  class. 
The  regularity  of  the  variation  disposes  of  the  theory  of  a  volcanic 
eruption,  a  collision,  or  a  system  of  sun-spots.  These  effects  also  could 
scarcely  be  repeated  so  frequently  without  exhausting  the  source  of  en- 
ergy from  which  they  were  derived.  The  theory  that  the  variation  is 
due  to  the  revolution  of  the  star  appears  more  probable,  and  the  regular- 
ity and  shortness  of  the  period  add  weight  to  it.  On  the  other  hand, 
it  is  difficult  to  account  by  this  theory  for  the  sudden  changes  in  the 
light  If  the  light  was  reduced  by  a  dark  portion  of  the  star  being 
turned  towards  the  observer,  the  minimum  should  last  until,  by  the 


20  •  PROCEEDINGS  OF  THE   AMERICAN   ACADEMY 

revolution  of  the  star,  this  part  had  been  turned  around  so  as  to  dis- 
appear on  the  other  side.  The  short  minimum  observed  could  only 
be  caused,  according  to  this  theory,  by  supposing  a  large  dark  star 
with  a  small  bright  spot  near  its  polar  regions,  and  that  the  pole  was 
directed  at  such  an  angle  from  the  observer  that  a  large  part  of  the 
spot  would  disappear  for  a  short  time  during  each  revolution.  Even 
then  we  have  'still  the  apparently  insurmountable  difficulty  that  the 
bright  spot  would  change  its  apparent  size  and  the  angle  at  which  it 
emitted  its  light  to  the  observer,  and  therefore  vary  in  brightness  dur- 
ing the  whole  period  of  revolution.  No  such  variation  has  been  estab- 
lished in  the  light  of  Algol. 

Before  showing  how  far  the  theory  of  an  eclipsing  body  will  account 
for  the  observed  phenomena,  we  must  see  what  knowledge  we  have  of 
these  variations  in  light. 

Only  five  stars  are  at  present  known  to  belong  to  the  Algol  class  of 
variables.  These  are  0  Persei,  S  Cancri,  X  Tauri,  d  Libra,  and  U  Co- 
rona. Of  these,  the  first  is  the  only  one  whose  variations  are  known 
with  sufficient  precision  to  justify  a  discussion  in  the  present  article. 
The  variations  of  /9  Persei,  or  Algol,  have  been  carefully  studied  by  three 
observers,  Argelander,  Schmidt,  and  Schonfeld.  Argelander's  observa- 
tions extend  from  1840  ,to  1866,  and  are  nearly  two  thousand  in  number. 
He  compared  Algol  from  time  to  time  with  the  adjacent  stars  of  nearly 
equal  brightness,  and  noted  the  apparent  difference  in  steps  or  grades 
(Stufen).  Arranging  his  comparison  stars  in  the  order  of  brightness, 
and  determining  the  number  of  grades  between  each  from  all  his  meas- 
ures, he  was  then  able  to  denote  them  all  in  grades.  Thus,  suppose  at  a 
given  time  he  observed  that  Algol  was  slightly,  if  at  all,  brighter  than 
star  A,  or  that  the  difference  was  one  grade ;  again,  that  it  was  per- 
ceptibly fainter  than  B,  or  differed  from  it  by  two  grades ;  if  then  he 
found  in  his  final  discussion  that  A  =  12.5  grades  and  B=  14.9,  the 
first  observation  would  make  Algol  13.5  grades,  and  the  second  12.9. 
These  comparisons  are  all  given  in  the  Bonn  Observations,  vii.  315, 
but,  unfortunately,  they  have  not  been  reduced,  so  that  at  present  no 
use  can  be  made  of  them.  I  undertook  their  reduction,  but  was  in- 
formed that  this  had  been  done  at  Bonn.  No  answer  has,  however, 
been  received  to  letters  of  inquiry  on  this  point 

The  observations  of  Dr.  Schmidt  extend  from  1846  to  the  present 
time,  and  the  results  up  to  1875  are  published  in  the  Astronomische 
Naehrichten,  lxxxvii.  193.  His  object  was  only  to  determine  the 
time  of  the  minima,  and  accordingly  these  only  are  given,  without  the 
comparisons.     He  also  generally  used  a  single  comparison  star,  which 
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has  the  advantage  of  eliminating  an  error  in  estimating  its  brightness, 
but  does  not  give  a  good  determination  of  the  light  curve.  Dr.  Schon- 
feld  observed  Algol,  according  to  the  method  of  Argelander,  from  1859 
to  the  present  time,  and  has  given  the  results  up  to  1870,  in  the 
Sechsunddreissigster  Jahresbericht  des  Mannheimer  Vereins  fur  Natur- 
kunde,  p.  70.  He  has  not  published  his  comparisons,  but  has  given  his 
resulting  light  curves,  which  will  be  made  the  basis  of  the  following 
discussion.  We  must  first  reduce  his  grades  to  absolute  measures, 
which  is  done  in  Table  Vll.  The  successive  columns  give  the  name 
of  the  comparison  stars,  the  light  in  grades  adopted  by  Schonfeld,  the 
logarithm  of  the  light  as  measured  by  Seidel  (Resultate  photometrischer 
Mtuungen,  Munchen,  1862),  the  logarithms  of  the  light  as  measured 
by  Wolff  (Photometrische  Beobachtungen  an  Fixsternen,  Leipzig,  1877), 
after  subtracting  0.232  to  eliminate  the  constant  difference  between 
his  measures  and  those  of  Seidel.  The  next  column  gives  the  differ- 
ence between  the  measures  of  Seidel  and  Wolff,  and  shows  that  on  the 
average  they  differ  only  .040,  or  a  tenth  of  a  magnitude.  If  L  denotes 
the  logarithm  of  the  light,  and  g  the  corresponding  number  of  grades, 
we  may  assume  L  =  a  -{-  g  b.  This  is  only  equivalent  to  admitting 
Fechner'8  law  or  assuming  that  Schonfeld's  grades  correspond  to  equal 
ratios  of  light  A  solution  by  least  squares  gives  a  =  8.446  and 
b  =  0.025,  or  L  =  8.446  -f  0.025  g.  The  sixth  column  gives  the 
value  of  L  computed  by  this  formula  for  the  various  values  of  g 
assumed  by  Schonfeld.  The  last  two  columns  give  the  errors  of 
Seidel  and  Wolff,  assuming  the  estimates  of  Schonfeld  to  be  exact. 
The  average  value  of  these  differences  is  but  little  more  than  a  tenth 
of  a  magnitude.  Apparently,  t  Auriga  was  estimated  by  Schonfeld 
about  three  tenths  of  a  magnitude  too  bright,  and  d  Per  set  about  two 
tenths  too  faint  Omitting  these  stars  the  errors  would  be  reduced 
about  one  half 

TABLE   VII.  —  Comparison  Stars  fob  /3  Pkrsei. 


Name. 

Grades. 

S 

W  — 0.232 

W-0  282 
-S 

Corop. 

S-C 

W  — O 

y  Androro. 

23.4 

9.038 

9.021 

—.017 

9.031 

+.007 

—.010 

i  Auriga 

17.3 

8.697 

8.803 

+.106 

8.878 

—.181 

—.076 

0  Arietis 

16.7 

8.897 

8.862 

—.035 

8.864 

+.038 

—.002 

«  Penei 

12.8 

8800 

8.746 

—.064 

8.766 

+.034 

—.020 

y  Penei 

109 

8.699 

8.691 

—.008 

8.718 

—.019 

—.027 

0  Trianguli 

9.1 

8.716 

8.716 

.000 

8674 

+.042 
+  100 

-.042 

1  Penei 

7.8 

8.741 

8.694 

—.047 

8.641 

-.053 

a  Trianguli 

8.5 

8.531 

8.588 

+.057 

8.534 

—.003 

-054 

9  Penei 

0.9 

8.435 

— 

8.468 

— 

—.038 

±.040 

±.062 

±046 
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Schdnfeld  has  given  on  page  84  of  his  memoir  a  table  of  his  mean 
results,  arranged  in  seventy-nine  groups,  seventy-two  of  them  occur- 
ring within  about  four  hours  and  a  half  of  the  minimum,  and  sixty-two 
within  three  hours  of  the  minimum.  He  then  drew  an  empirical  curve 
through  these  points,  and  gives  their  residuals,  which  vary  from 
-{-0.73  to  — 0.58  grades,  and  have  an  average  value  of  0.17  grades. 
Reducing  this  to  logarithms,  by  multiplying  by  0.025,  gives  0.004,  or 
only  one  hundredth  of  a  magnitude.  There  are  thirty-five  changes  of 
sign  in  the  residuals,  out  of  a  possible  seventy-one.  There  is,  there- 
fore, no  reason  to  doubt  that  the  curve  represents  the  observations  as 
nearly  as  possible. 

The  light  in  grades  for  intervals  of  every  half-hour  before  and  after 
the  minimum  is  given  in  Table  VIII.  The  successive  columns  give 
the  time  in  hours,  the  corresponding  light  in  grades  before  and  after 
the  minimum,  the  difference  between  these  two,  their  mean,  and  the 
corresponding  light  expressed  in  logarithms.  This  is  found  by  sub- 
tracting the  light  in  grades  from  20.8,  which  is  assumed  by  Schdnfeld 
as  the  full  brightness  of  Algol,  multiplying  the  result  by  0.025  to  re- 
duce to  logarithms,  and  taking  the  arithmetical  complement.  The 
number  corresponding  to  this  logarithm  is  given  in  the  last  column. 
It  gives  the  light  of  Algol,  its  maximum  light  being  assumed  as  1.000. 

TABLE  VIII.  —  Light  Curve  of  /3  Fersbi. 


Hoars. 

Deo. 

Inc. 

D— I 

2 

LogL 

Light. 

0.0 

5.56 

5.56 

0.00 

6.66 

9.619 

0.416 

0.5 

6.26 

6.20 

f-0.06 

6.23 

9.686 

0.433 

1.0 

8.48 

7.60 

mm 

1-0.88 

8.04 

9.681 

0.480 

1.6 

12.05 

9.81 

f-2.24 

10.98 

9.753 

0.666 

2.0 

15.28 

18.17 

-2.11 

14.22 

9.836 

0.686 

2.5 

17.35 

15.78 

-1.67 

16.06 

9.882 

0.762 

3.0 

18.08 

17.71 

mm 

-0.97 

18.20 

9.936 

0.861 

8.5 

19.59 

19.19 

•M 

-0.40 

19.89 

9.904 

0.920 

4.0 

20.24 

20.28 

MM 

-0.01 

20.24 

9.986 

0.968 

4.5 

20.70 

20.75 

—0.05 

20.72 

9.998 

0.996 

4.6 

20.8 

20.8 

0.00 

20.80 

0.000 

1.000 

From  this  table  it  appears  that  the  law  respecting  the  increase  of 
light  is  not  the  same  as  that  of  its  diminution.  At  a  given  interval 
of  time  from  the  minimum,  the  light  is  greater  when  decreasing  than 
when  increasing.  The  mean  value  will  first  be  considered,  and  the 
cause  of  this  difference  then  discussed. 

We  shall  first  assume  that  the  star  and  satellite  present  circular 
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disks,  one  uniformly  bright,  the  other  dark,  and  that  the  form  of  orbit 
is  circular.  Three  cases  may  occur,  corresponding  to  a  total,  an  annu- 
lar, and  a  partial  eclipse  of  the  star.  In  the  first  case,  all  the  light 
would  be  cut  off  for  a  longer  or  shorter  time ;  in  the  second,  the  mini- 
mum light  would  be  maintained  during  the  transit  of  the  satellite 
across  the  face  of  the  star ;  and  in  the  third  case  the  light  would 
diminish  until  the  minimum  was  attained  and  then  immediately  begin 
to  increase.  Algol  appears  to  belong  to  the  last  of  the  classes.  We 
must  next  determine  the  relative  diameters  of  the  satellite  and  star. 
A  minimum  diameter  of  the  satellite  may  be  computed  from  the  mini- 
mum light.  To  reduce  the  light  to  0.416,  or  to  cut  off  0.584  of  the 
light,  the  diameter  of  the  satellite  must  be  at  least  y^O.584  =  0.764 
times  that  of  the  star.  In  this  case  it  would  just  pass  completely  on 
to  the  disk  before  it  began  to  pass  off.  No  maximum  can  be  deter- 
mined in  this  way,  so  that  the  diameter  is  only  limited  between  0.764 
and  infinity.  A  change  in  diameter  will,  however,  produce  a  change 
in  the  law  of  variation  of  the  light.  We  may  deduce  the  diameter 
from  the  values  agreeing  most  nearly  with  observation.  We  must 
now  determine  the  amount  of  light  remaining  when  the  star  is  par- 
tially eclipsed  by  a  satellite  of  radius  r.  The  radius  of  the  star  is 
taken  as  the  unit.  The  area  of  the  segment  of  a  circle  of  radius  unity 
whose  versed  sine  is  z,  is  equal  to  versin- lz —  (1 — z)  ^2z  —  z*. 
A  table  is  given  in  the  eighth  edition  of  the  Encyclopedia  Britannica, 
xiv.  525,  Art  Mensuration,  which  gives  this  quantity  for  values  of  z 
varying  by  hundreds  from  0.00  to  1.00.  The  portion  of  the  disk  cut 
off  will  always  be  composed  of  two  segments  having  the  radii  1  and  r, 
and  having  a  common  chord  which  may  be  computed  when  we  know 
the  distance  of  the  centres.  The  area  of  each  may  be  taken  from 
the  table,  multiplied  by  the  square  of  the  radius  of  its  circle,  and  the 
two  areas  added.     This  will  give  the  required  diminution  in  light. 

If  now  we  assume  r  the  radius  of  the  satellite,  several  of  the  ele- 
ments may  be  computed. 

The  period  of  revolution  of  the  satellite  is  given  with  much  pre- 
cision from  the  observations  of  the  minima.  It  appears  to  undergo 
slight  changes,  but  may  be  assumed  for  the  present  time  to  equal 
2  days  20  hours  48.9  minutes.  Calling  w  the  longitude  of  the  satel- 
lite in  its  orbit  reckoned  from  its  minimum,  the  mean  change  in  w  per 
hour  will  equal  5°. 023.  Since  the  beginning  and  ending  of  the  ob- 
scuration precede  and  follow  the  minimum  by  4h  35",  the  corre- 
sponding values  of  w  will  be  337°. 0  and  23°. 0.  At  these  points  the 
centre  of  the  satellite  will  be  at  a  distance  (1  +  r)  from  the  centre 
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of  the  star,  or  the  disks  will  touch  each  other.  They  correspond  to 
the  first  and  last  contacts  of  an  eclipse.  The  orbit  is  projected  into 
an  ellipse  whose  major  axis,  a,  equals  the  true  distance  of  the  centres, 
and  whose  minor  axis,  b,  equals  the  distance  at  the  time  of  greatest 
obscuration.  When  r  =  0.746,  b  =  1  —  0.746  =  0.254.  For  other 
values  of  r,  b  must  be  determined  from  a  computation  of  the  area 
eclipsed,  by  successive  approximations,  until  such  a  value  is  found  as 
will  reduce  the  light  to  0.416.  If  x  and  y  are  the  co-ordinates  of  the 
point  in  the  orbit  reached  by  the  satellite  at  the  time  of  first  contact, 
by  the  properties  of  the  ellipse  x  =  o  sin  w,  and  y  =  b  cos  w.  The 
square  of  the  distance  of  the  centres,  or  D2,  may  be  written 

LF  =  (1  +  r)9  =  (x9  +  y2)  =  a9  sin9  w  +  V  cos9  w 
=  a9  —  (a9  — IF)  cos9  to. 

Since  w  ==  23°.0, 

(1  +  r)9  =  0.153  a9  +  0.847  IF. 

Substituting  the  proper  values  of  r  and  b,  a  may  be  deduced.     The 

cosine  of  the  inclination,  t,  of  the  orbit  will  equal  -.    The  three  lines 

of  Table  IX.  give  the  values  of  a,  £,  and  t  computed  by  these  formu- 
las for  the  minimum  value  of  r  =  0.764,  for  r  =  1.000,  and  for 
r  =  2.000.  There  is  no  maximum  value  of  r,  which  may  be  indefi- 
nitely large.  Let  R  be  any  large  value  of  r,  and  let  a  =  R  -f-  A, 
b  =  R  -\-B,  and  D  =  R  +  d;  substituting  these  values  in  the  formula, 
2^= a9  sin2  w  -\-  b2  cos2  w,  the  terms  containing  R2  cancel  each  other, 
and  we  have  2  R  d  =  2  RA  sin2  w  -\-  2  RB  cos2  w,  omitting  the  terms 
not  containing  Ry  since  when  R  is  very  large  they  may  be  neglected. 
Dividing  both  sides  by  2  R  gives  d=  A  sin2  w  -\-  B cos2  w.  When 
w  =  23°,  d  must  equal  1,  and  when  w  =  0°,  B  will  equal  — 0.132, 
since  the  arc  of  the  large  circle  becomes  sensibly  a  straight  line,  and 
the  segment  whose  versed  sine  is  1.000  —  0.132  has  an  area  of  0.416, 
or  the  minimum  area  of  the  uneclipsed  portion.  From  these  values, 
we  may  deduce  A  =  7.300.  The  two  axes,  therefore,  become 
R  —  0.132  and  R  +  7.300.  The  inclination  in  this  case  contin- 
ually diminishes  as  R  increases,  and  would  equal  zero  if  JR  became 
infinite. 

The  residuals  which  will  be  deduced  below  at  first  led  to  the 
belief  that  the  phenomenon  might  be  that  of  an  annular  eclipse. 
This  case  has  therefore  been  included  to  show  the  change  effected  in 
the  variation  of  the  light,  although  the  residuals  are  not  materially 
reduced.    If  the  eclipse  is  annular,  the  value  of  r  must  be  0.764. 
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The  value  of  b  cannot  be  determined  directly,  but  must  be  deduced 
from  the  times  of  internal  and  external  contact.  The  interval  be- 
tween the  internal  contacts  is  assumed  to  be  24  minutes,  or  that 
during  which  the  satellite  moves  through  2°  of  longitude.  In  the 
equation  D2  =  a2  sin2  w  -f-  V1  cos2  10,  we  have  for  w  =  1°, 

D  =  (1  —  r)  =  0.236, 

and  as  before  for  w  =  23°, 

D  =  1  +  r  =  1.764. 

From  these  conditions  the  values  of  a  and  b  given  in  the  last  column 
of  Table  IX.  are  deduced. 


TABLE  IX.  —  Elements  of  Orbits. 


Elements. 

r-  0.764 

r- 1.000 

r-  2.000 

r-K 

Ann. 

Minor  semi-axis,  6 
Major  semi-axis,  a 
Inclination,  t 

0.236 
4.480 
87°.0 

0.666 
4.872 
82°.l 

1.788 
6.427 
73°.9 

R  —  0.182 

R  +  7.800 

Small. 

0.223 

4.482 
87°.  1 

We  must  next  compute  the  amount  of  obscuration  at  the  end  of 
each  half-hour,  for  the  various  values  of  r.  The  distance  between  the 
centres  is  first  computed  by  the  equation  IP  =  a%  —  (a2  —  i2)  cos2  wy 
substituting  successively,  w  =  2°. 5,  5°.0,  7°.5,  10.°0,  12°.6,  15°.l, 
17°.6,  and  20°.l.  The  first  part  of  Table  X.  gives  the  values  of  D 
corresponding  to  those  assigned  to  r  at  the  head  of  each  column.  The 
triangles  formed  by  the  centres  of  the  two  bodies  and  one  end  of  the 
segment  now  become  known,  since  their  three  sides  equal  1,  r,  and  D. 
Calling  the  angle  at  the  centre  of  the  luminous  body  a,  we  have 
r2=l2-|--D2  —  2  2)  cos  a.  From  this  we  deduce  cos  a  and  versin  a, 
or  the  height  of  the  segment  bounded  by  the  circle  having  a  radius 
unity.  The  height  of  the  other  segment  will  equal  R  —  D  -\-  cos  a, 
from  which  the  areas  of  the  segment,  and  consequently  of  the  uneclipsed 
portion,  may  be  deduced.  This  area  is  given  in  the  second  portion 
of  the  table.  For  comparison  the  observed  light  is  repeated  in  the 
last  column  from  the  last  column  of  Table  VIII.  The  residuals,  or 
the  observed  values  minus  those  computed  with  each  value  of  r,  are 
given  in  the  third  part  of  Table  X.  The  residuals  are  all  zero  when 
the  time  equals  0.0  or  4.6,  and  are  therefore  omitted.  The  average 
residuals  are  given  in  the  last  line. 
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TABLE  X— Diimvch  or  Ci-ittrbs. 


M 

0.76* 

1.00 

2.00 

R—D 

0.764 

0.0 

0.286 

0.666 

1.788 

—0.182 

0.228 

0.5 

0.807 

0.700 

1.806 

—0.118 

0.298 

1.0 

0.468 

0.794 

1.805 

—0.072 

0.467 

1.5 

0.620 

0.917 

1.967 

—0.005 

0.625 

2.0 

0811 

1.072 

2.081 

-0.092 

0.807 

2.5 

0.088 

1.283 

2.223 

-0.211 

0.986 

3-0 

1.101 

1.425 

2.404 

-0.875 

1.190 

8.5 

1.873 

1.609 

2.583 

-0.548 

1.872 

4.0 

1.656 

1.789 

2.778 

-0.748 

1.555 

4.6 

1.764 

2.000 

8.000 

-1.000 

1.764 

■    UntCUniD    PORIIOH. 


»» 

0.761 

l.oo 

2.00 

X 

0.764 

Otfl. 

00 

0.416 

0.416 

0.416 

0.416 

0.416 

0.416 

0.6 

0.434 

0.4S6 

0.4S2 

0427 

0.430 

0.438 

1.0 

0.600 

0.491 

0.469 

0.454 

0.497 

0.480 

1.5 

0.679 

0.562 

0.527 

0.497 

0.578 

0.566 

2.0 

0666 

0.618 

0.608 

0667 

0.685 

2.5 

0.761 

0.731 

0.686 

0.750 

0.762 

8.0 

0.888 

0.822 

0.785 

0.788 

0.888 

0.861 

8.5 

0.907 

0.898 

0.874 

0.831 

0.907 

0.920 

4.0 

0.908 

0.959 

0.949 

0.927 

0.968 

0.968 

4.0 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

Bonn. 

0.761 

100 

1.00 

> 

•™ 

0.6 
1.0 
1.6 
2.0 
2.6 
3.0 
3.G 

—  .001 

—  .020 

—  .018 
+  .017 
-j-  .011 
4-  028 
4-  .018 

.000 

1 

008 
011 
0M 

•3 
031 
089 
032 
009 

: 

001 

oil 

039 
083 
076 

)76 

0*8 
019 

006 
026 

"•/' 
126 
120 
128 
069 
041 

+  .003 

—  .017 

—  .012 
+  .018 
+  .012 
4- .023 
+  .018 

.000 

±.012 

±.020 

±.044 

±.077 

±.012 

The  residuala  are  all  expressed  in  terms  of  the  full  light  of  the  star. 
They  therefore  represent  a  larger  error  expressed  in  logarithms,  or 
stellar  magnitudes,  when  the  star  is  faint  than  when  it  is  bright.  If 
reduced  to  logarithms  their  mean  values  become  .008,  .012,  .027,  .049, 
.008.     Dividing  these  quantities  by  0.4  to  reduce  them  to  magnitudes, 
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we  see  that  while  a  large  value  of  r  would  give  an  average  residual  of 
over  one  tenth  of  a  magnitude,  the  value  of  r  =  0.764  would  make 
this  quantity  less  than  two  hundredths  of  a  magnitude.  In  all  of 
them,  however,  there  is  a  distinct  systematic  variation,  the  computed 
light  being  too  small  when  t  is  large,  and  sometimes  becoming  too  large 
when  t  is  small.  It  appeared  that  this  error  might  be  reduced  by 
assuming  that  the  eclipse  was  annular,  or  that  the  light  retained  its 
minimum  value  for  a  short  time.  The  corresponding  residuals  are 
given  in  the  last  column.  They  reduce  the  positive  residuals  when 
the  star  is  faint,  but  do  not  sensibly  affect  the  others,  although  the 
time  between  the  internal  contacts  is  assumed  to  be  twenty-four  minutes. 
The  observations  scarcely  admit  so  great  an  interval,  and  certainly 
would  not  justify  its  increase.  As  the  average  residual  is  not  dimin- 
ished by  the  assumption  of  an  annular  eclipse,  and  as  the  observations 
do  not  indicate  that  the  light  remains  constant  during  the  minimum,  we 
cannot  do  better  than  to  assume  the  value  of  r  =  0.764,  and  adopt  the 
values  of  the  second  column  of  the  table. 

Several  explanations  may  be  offered  of  the  small  systematic  error 
that  remains.  The  most  plausible  seems  to  be  that  derived  from  the 
residuals  given  in  the  last  column  of  Table  VII.  They  show  that,  from 
a  comparison  of  the  estimated  grades  of  Schonfeld  with  the  measures 
of  Wolff,  that  Schonfeld  estimated  the  light  too  faint  when  the  star 
was  faint,  and  too  bright  when  the  star  was  bright.  In  other  words, 
that  a  grade  did  not  have  the  same  values  when  expressed  in  logarithms 
for  a  faint  as  for  a  bright  star.  Assuming  the  photometric  measures 
of  Wolff  to  be  free  from  systematic  error,  we  should  therefore  increase 
the  estimates  of  Schonfeld  when  the  star  was  faint,  and  diminish  them 
when  it  was  bright,  without  affecting  the  actual  maximum  and  mini- 
mum values.  Such  a  correction  would  make  the  systematic  error 
noted  above  disappear,  or  even  give  it  an  opposite  sign.  This  view 
receives  a  slight  confirmation  from  the  measures  of  Seidel,  but  the 
accidental  discrepancies  far  exceed  this  small  systematic  error.  We 
may  therefore  conclude  that  the  computed  light  agrees  with  observa- 
tion as  closely  as  the  brightness  of  the  fundamental  stars  is  at  present 
known,  and  there  is  no  evidence  of  a  real  systematic  difference  between 
the  two. 

Another  explanation  of  the  residuals  in  Table  X.  has  suggested 
itself.  The  presence  of  lines  in  stellar  spectra  leads  to  the  belief  that 
the  stars,  like  our  Sun,  are  surrounded  by  an  absorbing  atmosphere. 
They  also,  therefore,  probably  resemble  it  in  presenting  a  disk  brighter 
in  the  centre  than  at  the  edges,  owing  to  the  greater  thickness  of  the 
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atmosphere  and  consequent  greater  absorption  at  the  edges.  The 
effect  of  such  an  absorption  is  best  determined  by  the  consideration 
that  if,  owing  to  absorption,  the  average  light  of  the  eclipsed  portion 
is  less  than  that  of  the  whole  disk,  the  effect  of  the  atmosphere  will 
be  to  diminish  the  proportion  of  the  light  cut  off ;  in  the  opposite 
case,  it  will  increase  it.  Now  when  a  small  portion  only  of  the  star  is 
eclipsed,  evidently  the  average  light  of  this  portion,  since  it  lies  near 
the  edge,  must  be  less  than  that  of  the  whole.  The  atmosphere, 
although  then  diminishing  the  light  of  the  remaining  portion,  will  not 
reduce  it  as  much  as  it  does  that  of  the  entire  disk;  the  relative 
light  will  therefore  be  increased.  On  the  other  hand,  when  a  large 
part  of  the  eclipsed  portion  is  from  the  central  and  brightest  portion 
the  opposite  effect  will  be  produced.  We  should  therefore  expect, 
when  t  is  large,  that  the  computed  light  should  be  increased.  When 
t  is  small,  it  may  be  diminished.  In  the  case  of  the  Sun  the  effect  is 
so  slight,  except  close  to  the  borders,  that  the  previous  explanation 
seems  more  probable. 

We  return  now  to  the  consideration  of  differences  in  the  rate  of 
diminution  and  increase  of  the  light.  The  observations  ought  to  give 
this  quantity  with  much  accuracy.  An  error  in  estimating  the  light 
of  the  standard  stars  will  not  sensibly  affect  it,  since  the  same  stars 
are  used  in  measuring  the  increase  and  diminution.  The  effect  of 
atmospheric  absorption  is  reduced,  since  some  of  the  comparison  stars 
are  always  above  and  others  below  the  variable,  and  besides,  although, 
when  observed  before  passing  the  meridian,  the  star  is  brighter  when 
increasing  than  when  diminishing,  yet  the  opposite  effect  is  produced 
when  the  star  is  west  of  the  meridian.  Nevertheless  this  difference 
is  doubted  by  many  astronomers,  and  if  it  exists  it  is  evident  that  an 
important  correction  should  be  applied  to  the  observed  minima  of 
Algol.  If  the  curve  found  by  Schonfeld  is  correct,  an  error  of  ten 
minutes  in  the  time  of  the  minimum  might  be  caused  by  comparing 
with  a  star  like  e  Persei,  having  a  brightness  of  about  twelve  grades, 
and  taking  the  mean  of  the  times  when  the  two  stars  appeared  equal. 

Three  explanations  may  be  offered  for  this  phenomena.  First,  that 
the  satellite  is  not  spherical,  but  egg-shaped,  and  that  the  large  end  is 
turned  forwards ;  or  that  the  satellite  is  of  unequal  density,  and  that 
the  heaviest  portion  is  forward.  In  this  case  the  centre  of  gravity 
of  the  disk  would  follow  that  of  the  satellite,  or  for  a  given  distance  of 
the  centres  the  interposed  area  would  be  greater  when  the  satellite 
was  passing  off,  than  when  coming  on.  So  great  a  deviation  from  the 
spherical  shape  would  be  needed  to  produce  the  observed  difference 
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that  this  theory  does  not  seem  very  probable.  We  should  also,  in  this 
case,  assume  that  the  time  of  revolution  was  exactly  equal  to  that  of 
rotation  of  the  satellite.  A  second  explanation  would  assume  that  one 
portion  of  the  disk  of  Algol  was  darker  than  the  rest,  so  that  when 
the  satellite  entered  the  disk  it  would  cut  off  the  dark  portion,  or  affect 
the  light  less  than  when  passing  off  and  obscuring  the  brighter  parts. 
In  this  case  we  must  assume  that  Algol  does  not  rotate,  or  it  would 
show  a  variation  independent  of  the  eclipse  by  its  satellite.  Its  axis 
of  rotation  might  be  parallel  to  the  path  of  the  satellite  and  the  varia- 
tions in  light  on  its  surface  be  distributed  in  zones,  but  such  a  theory 
seems  improbable.  The  third  explanation  is  that  the  orbit  of  the  sat- 
ellite is  elliptical,  and  that  the  difference  is  due  to  the  varying  velocity 
of  the  satellite. 

An  analytical  solution  of  this  problem  may  be  found  by  reducing 
the  observed  light  to  distances  of  centres,  either  by  interpolation  from 
the  values  computed  above,  or  by  successive  approximations.  The 
case  then  becomes  that  of  a  binary  star,  in  which  we  have  given  the 
period  and  a  number  of  distances,  but  no  position  angles.  It  is  of 
course  impossible  to  deduce  the  position  angles  of  the  peri-astron  or 
other  point  of  the  orbit,  but  its  other  dimensions  may  be  determined. 
The  solution  of  this  problem  will  be  undertaken  at  another  time  should 
the  accumulation  of  observations  of  Algol  and  other  similar  stars 
render  it  desirable.  For  the  present,  it  will  be  sufficient  to  obtain 
an  approximate  solution.  The  nature  of  the  variation  is  not  so 
simple  as  would  appear  at  first  sight ;  since  the  observed  time  of 
increase  equals  that  of  diminution,  we  must  assume  that  the  apparent 
motion,  when  compared  with  that  in  a  circular  orbit,  is  less  at  the 
beginning  and  end,  and  greater  in  the  middle  of  its  path.  The  satellite 
must  therefore  either  pass  its  peri-astron  during  the  eclipse,  or  it  must 
be  approaching  this  point,  so  that  the  increased  obliquity  of  its  path  to 
the  line  of  sight  will  produce  the  apparent  diminution  in  its  motion. 
An  ellipse  was  constructed,  having  an  eccentricity  of  0.5  and  divided 
into  thirty-two  parts,  corresponding  to  the  position  of  the  satellite  at 
the  end  of  each  thirty-second  of  %  its  time  of  revolution.  The  eccen- 
tric anomaly  was  derived  from  the  mean  anomaly  by  the  tables  of 
Dr.  Doberck,  Astronomische  Nachrtchten,  cxii.  275. 

As  the  time  of  eclipse  is  very  nearly  one  eighth  of  that  of  revolu- 
tion, four  of  these  divisions  correspond  to  the  passage  of  the  satellite 
over  the  star.  Laying  this  ellipse  on  a  sheet  of  rectangular  paper 
and  turning  it  around  its  focus,  the  effect  of  a  change  in  the  position 
of  the  peri-astron  could  be  determined.     The  problem  is  greatly  sim- 
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plified  by  the  fact  that  the  apparent  path  of  the  satellite  daring  the 
eclipse  is  nearly  rectilinear.  It  was  found  that,  if  the  longitude  of 
the  line  of  nodes  was  made  equal  to  17°,  the  periods  of  ingress  and 
egress  would  be  nearly  equal.  The  peri-astron  then  happens  to  coincide 
with  the  point  of  egress.  The  variation  in  light  due  to  this  orbit  is 
compared  with  observation  in  Table  XI.  The  successive  columns 
give  the  time,  the  observed  light  in  grades,  the  logarithm  of  this  light, 
and  its  value  compared  with  the  full  light  of  the  star.  The  next  col- 
umn gives  the  light  already  found  in  the  second  column  of  the  second 
part  of  Table  X.,  and  which  may  be  called  A.  The  next  column 
gives  the  variation  in  light  for  the  elliptical  orbit  assumed  above,  which 
will  be  denoted  as  B.  The  second  part  of  the  table  gives  the  residuals 
found  by  subtracting  these  values  of  the  light  from  those  observed. 
The  last  columns  give  the  residuals  found  by  subtracting  the  logarithms 
of  these  quantities.  Although  the  residuals  even  of  A  are  not  very 
large,  they  are  systematic,  being  positive  when  the  light  diminishes, 
and  negative  when  it  increases.  The  residuals  B  are  much  smaller 
than  those  of  A  during  ingress,  but  they  are  larger  during  egress. 
In  other  words,  while  the  systematic  error  of  ingress  has  been  nearly 
eliminated,  a  nearly  equal  error  has  been  introduced  during  egress. 
Accordingly  the  average  residual  is  not  diminished.  We  have  so 
far  adopted  the  times  of  first  and  last  contact  given  by  Schon- 
feld.  An  inspection  of  the  table  from  which  he  derived  his  curve 
shows  that  the  weight  he  assigns  to  his  observations  when  more  than 
three  hours  from  the  minimum  is  small,  and  that  consequently  the 
times  of  contact  must  be  somewhat  uncertain.  The  exact  time  of 
minimum  must  also  be  uncertain,  although  to  a  less  degree  than  that 
of  the  two  points  just  mentioned.  An  approximate  solution  by  least 
squares  was  therefore  made,  with  the  times  of  contact  and  of  minimum 
as  unknown  quantities.  One  half  weight  was  given  to  the  equations  of 
condition  formed  from  the  observed  terms  of  contact.  From  this  a 
correction  to  the  observed  minimum  was  found  of  5  minutes,  or  the 
true  minimum  appears  to  occur  nearly  one  tenth  of  an  hour  later  than 
tfiat  given  by  the  curve.  The  time  of  first  contact  should  also  be 
diminished  by  about  2  minutes,  and  the  time  of  last  contact  increased 
by  about  13  minutes.  The  columns  C  give  the  values  of  the  light  and 
of  the  residuals  corresponding  to  this  orbit.  The  third  place  of  deci- 
mals is  not  always  exact,  as  this  would  have  involved  a  great  increase 
in  the  labor  of  computation  and  the  accuracy  attained  appears  to  be 
all  that  is  at  present  justified  by  the  observations. 

The  residuals  thus  obtained  are  quite  satisfactory  as  regards  their 
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magnitudes  and  the  number  of  changes  of  sign,  but  the  orbit  is  open 
to  a  criticism  of  a  wholly  different  kind.  Its  semi-axis  major  is  only 
3.55,  and  as  the  eccentricity  is  0.500,  the  distance  of  the  centres  at 
peri-astron  is  1.775.  Now  as  the  radius  of  the  star  is  1.000  and  of 
the  satellite  .764,  it  is  evident  that,  although  they  would  not  actually 

TABLE  XL  —  Comparison  of  Orbits. 


Hours. 

Grade*. 

LogL 

L 

A 

B 

C 

D 

4.6 

20.8 

1.000 

1.000 

1.000 

0.999 

1.000 

1.000 

4.0 

20.24 

0.986 

0.968 

0.968 

0.982 

0.986 

0987 

3.5 

19.59 

0.970 

0.933 

0.907 

0.946 

0.949 

0.987 

3.0 

18.68 

0.947 

0.886 

0.838 

0.883 

0.890 

0.866 

2.5 

17.35 

0.914 

0.820 

0.761 

0.809 

0.815 

0788 

2.0 

15.28 

0.862 

0.728 

0.668 

0.714 

0.725 

0.697 

1.5 

12.05 

0.781 

0.604 

0.579 

0.618 

0.626 

0.601 

1.0 

8.48 

0.692 

0.492 

0.600 

0.617 

0.534 

0.518 

0.5 

6.26 

0.(536 

0482 

0.434 

0.440 

0.450 

0.416 

0.0 

5.50 

0.619 

0.416 

0.416 

0.416 

0.416 

0.416 

0.6 

6.20 

0.635 

0.482 

0.434 

0.440 

0.429 

0.426 

1.0 

7.60 

0.670 

0.468 

0.600 

0.615 

0494 

0.486 

1.5 

9.81 

0.725 

0.531 

0.579 

0.603 

0.576 

0.670 

2.0 

13.17 

0.809 

0.614 

0.668 

0.695 

0.665 

0.660 

2.5 

15.78 

0  874 

0.748 

0.761 

0.785 

0.754 

0.753 

3.0 

17.71 

0.923 

0.838 

0.838 

0.858 

0.830 

0.839 

8.5 

19.19 

0.960 

0.912 

0.907 

0.926 

0.899 

0.909 

4.0 

20.23 

0.986 

0.968 

0.968 

0.975 

0.953 

0.970 

4.6 

20.8 

1.000 

1.000 

1.000 

1.000 

0.996 

1.000 

Hours. 

A 

B 

C 

D 

A 

B 

C 

D 

4.6 

.000 

—.001 

.000 

.000 

.000 

.000 

.000 

.000 

4.0 

.000 

—.014 

—.018 

—.019 

.000 

—.006 

—.008 

—.008 

3.5 

k026 

—.012 

—.016 

—.004 

h-012 

—.005 

—.007 

—.002 

3.0 

-.047 

+.002 

—.005 

+.019 

k024 

+.001 

—.002 

f-.009 

2.5 

k069 

+  011 

+.006 
+.003 

+.032 

-.038 

+.006 

+.003 

k018 

20 

-.060 

+.014 

+.031 
+  003 

-.037 

+.008 

+.002 

-.019 

1.6 

k026 

—.009 

—.022 

—.018 

—.007 

—.016 

k002 

10 

—.008 

—.025 

—.042 

—.026 

—.007 

—.022 

—.036 

—.022 

0.6 

—.002 

—.008 

—.018 

—.014 

—.002 

—.008 

—.017 

—.013 

0.0 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

0.5 

—.002 

—.008 

+.003 

+.006 

—.003 

—.009 

+.003 

+.006 

1.0 

—.032 

—.047 

—.026 

—.018 

—.029 

—.042 

—.024 

—.017 

1.6 

—.048 

—.072 

—.045 

—.039 

—.038 

—.065 

—.036 

—.031 

2.0 

—.024 

—.051 

—.021 

—.016 

—.016 

—.083 

—.014 

—.011 

2.6 

—.003 

—.037 

—.006 

—.005 

—.002 

—.021 

—.003 

—.003 

8.0 

.000 

—.020 

k008 

—.001 

.000 

—.011 

+  004 

—.001 

3.6 

+.005 

—.014 

-.013 

+.003 

+.002 

—.007 

+.006 

+.001 

4.0 

.000 

—.007 

-.016 

—.002 

.000 

—.003 

+.007 

—.001 

4.6 

.000 

.000 

—.005 

.000 

.000 

.Q00 

—.002 

.000 

±.018 

±.019 

±014 

±.012 

±012 

±013 

±.010 

±.009 
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touch,  jet  they  would  come  so  near  that  the  least  disturbance  would  at 
once  produce  a  catastrophe.  This,  therefore,  gives  the  limiting  value 
to  the  eccentricity.  A  computation  with  a  smaller  eccentricity  gave 
less  satisfactory  residuals.  The  question  now  arises,  will  it  not  be 
possible  to  satisfy  the  observations  by  returning  to  the  circular  ele- 
ments, since  we  have  permitted  a  change  in  the  times  of  contact  and 
of  minimum.  Columns  D  give  the  residuals  for  a  circular  orbit  with 
a  diminution  of  0.1  hour  in  the  time  of  minimum,  and  assuming  that 
the  periods  of  ingress  and  egress  are  each  equal  to  4.45  hours  instead 
of  4.6  hours.  In  other  words  the  ingress  occurs  about  fourteen  min- 
utes'later,  and  the  egress  two  minutes  earlier,  than  was  assumed  by 
Schonfeld. 

The  errors  which  remain,  even  in  the  last  orbit,  are  not  wholly  acci- 
dental ;  but  their  values  are  so  small,  and  the  changes  of  sign  so  fre- 
quent, that  it  is  not  safe  to  base  important  conclusions  upon  them. 
Their  average  value  is  only  .012,  or  expressed  in  logarithms  .009,  and 
in  magnitudes  .02.  Accordingly,  we  nlay  compute  the  variation  in  the 
light  of  Algol,  which  shall  not  differ  from  observation  on  an  average 
more  than  a  fiftieth  of  a  magnitude.  If  then  this  is  not  the  true 
cause  of  the  variation  of  the  light,  it  at  least  satisfies  it  well  within 
the  errors  of  observation.  The  orbit  D  may  therefore  be  adopted  as 
representing  the  law  of  variation  as  well  as  it  is  at  present  known. 

The  stellar  magnitude  of  Algol  is  about  2.0,  so  that  by  Table  II., 
if  its  brightness  equals  that  of  the  Sun,  its  diameter  will  equal  0".006. 
The  diameter  of  the  orbit  of  the  satellite  will  be  about  0".028.  The 
motion  of  the  bright  star,  if  its  density  is  the  same  as  that  of  its  sat- 
ellite, will  equal  0//.009,  since  its  mass  in  this  case  will  be  to  that  of 
its  satellite  as  1.000  is  to  0.446.  It  would  therefore  be  useless  to 
attempt  to  observe  the  motion  micrometrically.  For  the  same  reason, 
there  seems  to  be  no  means  by  which  we  can  determine  the  position 
angle  of  the  satellite,  or  the  direction  of  the  axes  of  the  ellipse  into 
which  the  orbit  is  projected.  Even  if  future  observations  should  ren- 
der a  larger  value  of  the  radius  probable,  the  motion  would  be  scarcely 
perceptible  micrometrically.  If  r  =  2.000,  the  diameter  of  the  orbit 
becomes  0".08  and  the  motion  of  Algol  about  0".07.  It  would  be 
difficult  to  measure  so  small  a  quantity,  although,  as  it  is  traversed  in 
less  than  a  day  and  a  half,  many  sources  of  systematic  error  would  be 
eliminated. 

Below  are  given*  in  successive  columns,  the  corresponding  values  of 
several  elements  of  the  orbits  Ay  2?,  (?,  and  D.  The  diameter  of  Algol 
is  assumed  to  be  0".006.    The  times  are  given  in  minutes  from  the 
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minimum  adopted  by  Schonfeld.    A  negative  sign  denotes  that  the 
time  precedes  the  minimum ;  a  positive,  that  it  follows  it 


Elements. 


Eccentricity     .    .    . 
Semi-axis  major  .    . 
Inclination  .    .    .    . 
Longitude  of  nodes 
Time  of  first  contact 

"     minimum     . 

"     last  contact . 


A. 


0.00 

0".0184 

87°.0 

—  276 
0 

+  276 


B. 


0.60 

0".0109 

84°.3 

17° 

—  279 

—  1 
+  273 


C. 


0.60 
0."0106 

84°.2 

17° 
—  278 

+     6 
+  289 


D. 


0.00 

0".0138 

87°.l 

—  261 
+  6 
+  278 


The  elliptical  orbits  B  and  O  are  much  smaller  than  the  others. 
Since  the  eclipse  takes  place  near  the  peri-astron,  the  angular  motion 
is  so  great  that  the  radius  vector  must  be  reduced  to  maintain  the 
same  duration  of  eclipse. 

To  give  a  more  tangible  idea  of  the  dimensions  of  this  system  a 
projection  is  given  of  the  orbit  denoted  by  D  in  its  own  plane  in  Fig.  1, 


n   c    n 


•4 

Kg.  1. 


Ml  II  |l  Mil  I  I  I  I  II  III] 
•00  -M  '•* 

Fig.  2. 

and  as  seen  from  the  Earth  in  Fig.  2.  In  both  projections  A  denotes 
the  primary,  B  the  satellite  at  first  contact,  G  when  half  across  the 
disk,  D  at  the  last  contact,  and  E  and  F  at  its  elongations.  The 
scale  is  one  hundredth  of  a  second  to  a  centimeter.  Accordingly,  if 
Fig.  2  is  removed  to  a  distance  of  206  kilometers,  or  about  120  miles, 
it  would  appear  of  the  same  size  as  Algol  when  seen  from  the  Earth. 

The  application  of  the  spectroscope  to  this  binary  star  offers  a  most 
interesting  field  for  work.  Assuming  the  same  data  as  before,  we  find 
the  circumference  of  the  orbit  equals  2  n  X  0".0138  =  0".087 ;  or 
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multiplying  by  0.446  and  dividing  by  1.446  will  give  a  motion  of 
Algol  of  0".027  in  each  revolution.  This  corresponds  to  3".43  an- 
nually. If  the  parallax  of  Algol  is  0".l,  this  would  correspond  to  a 
velocity  of  about  160  kilometers  (100  miles)  per  second.  Substituting 
the  values  in  the  equation  on  page  9,  v  =  13  /,  we  have  /=  2.6,  or 
the  F  line  would  be  deviated  through  an  interval  equal  to  nearly  half 
the  space  between  the  D  lines.  Moreover,  as  this  quantity  would  be 
alternately  positive  and  negative  every  thirty-five  hours,  the  system- 
atic errors  which  are  so  troublesome  in  such  measures  could  be 
eliminated,  and  the  quantity  to  be  observed  would  be  doubled.  If 
the  parallax  of  the  star  is  more  than  0".l  the  motion  would  be  less, 
but  on  the  other  hand  the  parallax  would  then  become  a  suitable 
object  for  micrometric  measurement.  If  the  parallax  is  much  less 
than  0".l  the  motion  would  be  so  large  that  its  variations  might  be 
determined  with  some  accuracy,  and  the  form  of  the  orbit  computed 
from  the  varying  velocity  along  the  line  of  sight.  These  measures 
would  also  determine  the  dimensions  of  the  orbit,  and  if  we  assume 
the  value  of  the  brightness,  I,  they  would  give  the  distance  and  par- 
allax of  the  star.  The  spectrum  of  Algol  has  already  been  examined 
without  the  detection  in  it  of  any  peculiarity.  The  time  selected  for 
observation  would  be  more  likely  to  be  near  its  minimum,  to  detect 
any  changes  in  the  spectrum  accompanying  its  variation  in  light.  But 
this  is  the  very  time  when  the  motion  along  the  line  of  sight  is  zero, 
which  may  be  the  reason  why  this  phenomenon  has  as  yet  escaped 
detection. 

Two  objections  have  been  offered  to  the  theory  that  the  variation 
in  light  was  due  to  the  interposition  of  a  non-luminous  satellite.  First, 
the  large  size  of  the  satellite ;  and,  secondly,  the  rapidity  of  its  motion. 
It  has  been  said  that,  according  to  the  prevalent  theories  regarding  the 
formation  of  the  stars,  so  large  a  body  could  not  well  have  lost  all  its 
heat  while  the  luminous  star  is  still  so  bright.  This  argument  would 
have  some  force,  if  we  were  sure  of  the  true  origin  of  the  stars,  and 
also  if  we  knew  that  both  bodies  are  of  the  same  age.  They  may, 
however,  have  had  a  wholly  independent  origin,  and  have  come  together 
through  their  proper  motion,  under  the  influence  of  a  resisting  medium 
or  other  disturbing  force. 

The  objection  to  the  rapidity  of  motion  cannot  be  defended  in  that 
form.  By  the  law  of  gravitation  we  can  compute  what  should  be  the 
velocity  with  a  given  density,  and  the  only  proper  criticism  would  be 
that  to  produce  the  observed  velocity  an  improbable  density  would 
be  required.     To  determine  this  density  we  may  use  the  formula  of 
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page  6  for  the  equivalent  diameter  of  the  system,  using  as  a  unit 
the  radius  of  the  star.  We  thus  find,  b  =  0.00933  a  P~i  =  0.00933 
X  4.60  (0.00785)-*  =  1.087.  Accordingly,  a  body  having  the  density 
of  the  Sun,  and  a  diameter  but  little  more  than  half  that  of  Algol, 
would  give  the  observed  time  of  revolution  to  the  satellite.  If,  there- 
fore, the  velocity  is  remarkable,  it  is  remarkable  that  it  is  not  greater. 
If  the  satellite  of  Algol  has  a  diameter  of  0.764,  and  its  density  equals 
that  of  the  primary,  its  relative  mass  will  be  0.446.  The  two  bodies 
combined  would  form  a  sphere  having  a  radius  of  1.130  and  a  diameter 
of  2.260.  This  is  2.08  times  that  of  the  equivalent  diameter,  and  shows 
that  the  average  density  can  be  only  0.11  of  that  of  the  Sun,  or  about 
one  seventh  of  that  of  water. 

It  may  be  noted  that  the  density  affords  a  means  of  distinguishing 
between  a  satellite  and  a  spherical  cloud  of  meteors.  If  the  individual 
meteors  were  very  minute,  they  might  completely  cut  off  the  light, 
and  yet  bear  a  very  small  ratio  in  volume  to  the  space  between  them. 
Accordingly,  if  the  density  of  the  eclipsing  body  could  be  shown  to  be 
very  small,  we  might  infer  that  it  was  composed  of  meteorites.  In 
this  case  the  motion  of  Algol  would  be  insensible,  as  seen  in  the 
spectroscope. 

The  observed  times  of  minima  of  Algol  seem  to  show  that  its  period 
has  undergone  a  diminution  during  the  last  century.  Such  a  change 
is  easily  explained  on  the  theory  of  a  secondary  satellite.  The  disturb- 
ance caused  by  a  third  body,  or  by  a  resisting  medium,  might  very 
sensibly  vary  the  period  from  year  to  year.  The  law  of  this  change 
is  not  yet  known,  but  its  nature  is  shown  in  Table  XII.  The  minima 
are  distinguished  by  successive  numbers,  E,  that  occurring  on  Jan.  1, 
1800,  being  designated  as  0.  Those  preceding  9000  have  been  ar- 
ranged in  groups  of  500  each.  Since  1870  the  observations  of  each 
year  are  grouped  together.  The  successive  columns  of  the  table  give 
a  current  number,  the  mean  of  the  numbers  of  the  minima,  the  corre- 
sponding year  and  tenth  and  the  number  of  minima  included  in  the 
group.  In  the  last  nine  groups,  which  relate  to  a  single  year,  the 
minimum  corresponding  to  opposition  is  used,  instead  of  the  mean  of 
those  observed. 

The  first  eleven  sets  were  observed  by  various  astronomers ;  sets 
12  to  18  were  made  by  Argelander ;  sets  19  to  21  by  Schonfeld ;  and 
sets  22  to  SO,  by  Schonfeld  and  Schmidt.  Sets  18  and  19  relate  to 
the  same  period  of  500  revolutions  from  7500  to  8000.  The  fifth 
column  is  found  by  subtracting  from  the  observed  time  that  given  by 
the  formula  of  Schonfeld  on  page  94  of  bis  memoir,  — 


86 


PROCEEDINGS  OF  THE  AMERICAN  ACADEMY 


Ep.  E  =  1867,  Jan.  0  11  L2  M.  Z.  Paris  +  2  20  48.9  (E  —  8534). 

For  the  earlier  observations  the  reduction  given  by  Argelander  (Bonn 
Observations,  p.  347)  are  used,  after  reducing  them  to  the  above  formula 
by  subtracting  355m#  —  0.0749  E.  The  sixth  column  gives  the  ordi- 
nates  of  a  smooth  curve  without  points  of  inflection  drawn  through  the 
points  whose  abscissas  and  ordinates  are  respectively  given  in  the  third 
and  fifth  columns.  The  last  column  gives  the  difference  between  the 
fifth  and  sixth  columns. 

TABLE  XIL  — Minima  of  Algol. 


No. 

Mean  Epoch. 

Date. 

No. 
Min. 

Obi. 

Carre. 

O.  — 0. 

1 

—  2101 

1788.6 

27 

—  510 

—  507 

—  3 

2 

—  1860 

1785.4 

17 

—  488 

—  489 

+  1 

8 

—  1808 

1789.8 

17 

—  450 

—  446 

—  4 

4 

—  706 

1794.5 

6 

—  400 

—  401 

+  1 

5 

—  250 

1798.0 

10 

—  368 

—  867 

—  1 

6 

h  214 

1801.7 

2 

—  808 

—  332 

+  24 

7 

-  784 

1805.7 

2 

—  280 

—  293 

+  13 

8 

-  1831 

1814.4 

2 

—  211 

—  210 

—  1 

9 

-  2282 

1817.9 

6 

—  180 

—  177 

—  8 

10 

-  2574 

1820.2 

5 

—  165 

—  166 

0 

11 

-  8212 

1826.2 

3 

—  114 

.  —108 

—  6 

12 

-  4081 

1882.0 

2 

—  44 

—  46 

+  2 

18 

-  6259 

1841.8 

16 

h  25 

h  24 

+  1 

14 

-  6741 

1845.1 

4 

-  37 

-  26 

+  12 

15 

-  6154 

1848.4 

6 

-  24 

-  24 

0 

16 

-  6838 

1858.7 

16 

-  21 

-  20 

+  1 

17 

-  7808 

1857.4 

17 

-  10 

-  16 

—  6 

18 

-  7688 

1860.4 

4 

—  1 

-  11 

—  12 

19 

-  7799 

1861.3 

6 

—  6 

-  9 

—  14 

20 

-  8874 

18659 

12 

+  2 

-  2 

0 

21 

-  8791 

1869.0 

15 

—  1 

—  6 

h  4 

22 

-  9026 

1870.9 

13 

+  1 

—  8 

-  9 

23 

-  9158 

1871.9 

12 

—  4 

—  10 

-  6 

24 

-  9281 

1872.9 

19 

—  7 

—  12 

-  6 

25 

-  0-108 

1873.9 

16 

—  1 

—  14 

-13 

26 

-  9535 

1874.9 

4 

—  8 

—  17 

-  9 

27 

-  9662 

1876.9 

9 

—  7 

-  20 

-13 

28 

-  9789 

1876.9 

18 

—  22 

—  28 

-  1 

29 

-  9916 

1877.9 

9 

—  46 

—  26 

—  20 

80 

-10043 

1878.9 

4 

—  29 

—  29 

0 

The  numbers  in  the  last  column  nearly  equal  the  accidental  errors 
of  observation.  There  is  a  slight  grouping  of  negative  signs  about 
1860,  and  of  positive  signs  soon  after  1870.  This  could  not  be  avoided 
without  giving  to  the  curve  a  point  of  inflection.  The  average  value 
of  these  residuals  is  about  six  minutes,  which  shows  the  accordance 
to  be  expected  from  any  assumed  formula. 


OF  ARTS  AND   SCIENCES. 


87 


f 

Adopting  the  curve  described  above  as  representing  the  true  varia- 
tion, its  ordinates  for  every  ten  years  have  been  read  off,  and  are.  given 
in  the  third  column  of  Table  XIII.  The  direction  of  its  tangent  has 
also  been  determined,  and  the  seconds  of  the  resulting  period  is  en- 
tered in  the  fourth  column.  To  this  is  to  be  added  2*  20h*  48"* 
The  second  column  gives  approximately  the  corresponding  value  of  E. 

TABLE  Xm.  —  Variation  of  Period. 


Tw 

E. 

Carre. 

Period. 

•  m. 

s. 

1780 

—  2646 

—  641 

68.6 

1790 

—  1278 

—  444 

68.6 

1800 

0 

—  848 

68.6 

1810 

f-  1278 

—  262 

68.6 

1820 

-  2646 

—  167 

68.4 

1830 

(-  8818 

—  64 

68.8 

1840 

(-  6090 

h  16 

66.6 

1860 

L-  6868 

-  24 

68.7 

1860 

-  7636 

-  11 

68.3 

1870 

h  8908 

-  7 

68.0 

1880 

-10180 

-  81 

62.7 

An  inspection  of  the  curve  of  variation  of  the  times  of  minimum 
shows  that  a  curious  change  took  place  between  1830  and  1850.  Be- 
fore then,  the  period  given  by  Wurm  of  24  20**  48m-  58.5*  repre- 
sent*  the  observations  well;  after  1850,  the  formula  of  Schonfeld 
appears  to  be  more  nearly  correct.  There  seems,  during  this  interval, 
to  have  been  a  change  of  four  or  five  seconds  in  the  period,  and  that 
besides  this  there  has  been  a  small  but  gradually  increasing  diminution 
in  the  period  throughout  the  century. 


Harvard  College  Observatory, 
Cambridge,  U.  S. 
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New  Planetary  Nebulce ;  by  Edward  C.  Pickering. 

Measurements  of  the  light  of  the  planetary  nebulae  have 
been  made  during  the  past  year  with  the  fifteen-inch  telescope 
of  the  Harvard  College  Observatory.  In  connection  with  these 
observations  the  spectrum  of  each  nebula  has  also  been  exam- 
ined. A  spectroscope  of  the  usual  form  would  be  open  to 
many  objections  for  this  work,  especially  as  it  must  be  fre- 
quently removed,  and  replaced  by  the  photometer.  Accord- 
ingly a  direct-vision  prism  was  placed  between  the  eye-piece 
and  objective  of  the  telescope,  thus  forming  a  spectroscope 
without  a  slit  When  a  star  was  brought  into  any  part  of  the 
field  it  was  spread  out  into  a  colored  line  of  light,  the  rays  of 
each  wave-length  forming  an  image  of  the  star  in  a  different 
place.  A  nebula,  on  the  other  hand,  being  mainly  monochro- 
matic, would  form  a  point  or  small  disk  of  light,  while  a  minute 
cluster  would  give  a  spectrum  like  that  of  a  star.  The  differ- 
ence in  these  appearances  is  so  marked  that  the  idea  suggested 
itself  that  this  device  might  serve  to  detect  any  minute  plan- 
etary nebulae,  which  could  not  otherwise  be  distinguished  from 
stars.  Accordingly  a  systematic  search  for  such  bodies  was 
undertaken.  A  power  of  about  140  is  employed  with  a  field 
12'  in  diameter.  The  telescope  is  clamped  in  right  ascension 
and  moved  through  5°  in  declination.  This  is  repeated  so 
frequently  that  the  successive  sweeps  shall  overlap,  the  region 
continually  varying  by  the  diurnal  motion.  Great  numbers 
of  stars  pass  through  the  field  and  are  spread  out  into  lines. 
The  position  of  any  object  presenting  a  different  appearance  is 
at  once  determined  by  observing  the  declination  and  time, 
The  position  of  bright  stars  are  also  observed  to  furnish  correc- 
tions for  the  limits  of  the  zone.  Various  precautions  must  be 
taken;  for  instance,  if  the  spectra  run  north  and  south,  the 
lines  cannot  be  distinguished  from  points,  when  the  telescope 
is  moved,  owing  to  the  persistence  of  vision.  The  prism  is  there- 
fore always  turned  so  that  the  direction  of  the  spectra  shall  be 
perpendicular  to  the  line  of  motion.  Even  then  the  eye  is 
constantly  deceived  and  an  object  thought  to  be  a  nebula  is 
seen  to  be  a  star  when  the  telescope  is  stopped.  The  retina 
appears  to  be  especially  sensitive  to  rays  of  particular  wave- 
lengths. The  strain  upon  the  eye  and  mind  in  examining  so 
many  objects,  several  a  second,  renders  this  work  very  fatigu- 
ing and  I  have  found  it  best  not  to  continue  it  for  more  than 
half  an  hour  without  an  intermission.  A  count  of  the  number 
of  stars  to  be  seen  at  a  time  in  fields  taken  at  random  shows 
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that  the  spectra  of  over  ten  thousand  stars  are  often  examined 
in  this  time. 

The  first  sweep  was  made  on  July  18,  and  revealed  in  a  few 
minutes  a  bright  point  of  light  wholly  unlike  the  lines  formed 
by  the  stars.  This  proved  to  be  a  new  planetary  nebula  having 
the  position  for  1880  R  A.  18b  25'2m  and  Dec.  -26°  IS'.  Its 
disk  is  so  small  that  it  can  scarcely  be  distinguished  from  a 
star  and  would  not  probably  have  been  detected  with  an 
ordinary  eye-piece  even  if  brought  into  the  field  of  view. 
Measures  of  its  light  show  that  it  is  about  eight  magnitudes 
fainter  than  k  Sagittarii  or  of  about  the  eleventh  magnitude  on 
the  scale  of  Pogson.  The  next  evening  another  new  nebula 
was  found  somewhat  fainter  than  this,  but  with  a  larger  disk. 
Its  position  for  1880  is  R.  A.  18b  4'8m  and  Dec.  -28°  12'. 
This  region  was  selected  since  it  contains  four  of  the  fifty  pre- 
viously known  planetary  nebulae.  Sweeps  on  several  subse- 
quent evenings  in  this  vicinity  and  elsewhere  revealed  nothing 
new. 

On  August  28  an  object  entered  the  field  having  a  very 
singular  spectrum.  Two  bright  bands  were  seen  near  the 
ends  of  a  faint  continuous  spectrum.  The  position  of  this 
object  for  1880  was  found  to  be  R.  A.  18b  lm  17§,  Dec.  -21°  16'. 
It  therefore  is  identical  with  the  star  Oeltzen  No.  17681. 
Its  position  was  observed  once  by  Argelander  and  twice  in 
the  Washington  zones.  It  must  therefore  have  had  nearly 
its  present  position  and  brightness  over  thirty  years  ago  It 
appears  to  oe  slightly  fainter  than  Oeltzen  No.  17648  which 
precedes  it  about  a  minute  and  is  4'  north,  so  that  even  a  small 
change  in  its  light  can  be  easily  detected  hereafter.  A  careful 
examination  of  the  spectrum  snows  that  the  bright  portions  are 
longer  than  they  are  wide,  and  accordingly  that  they  are  bands 
and  not  lines.  This  view  was  confirmed  by  attaching  a 
spectroscope  of  the  usual  form  to  the  telescope.  The  leas 
refrangible  band  extends  from  the  wave-length  5800  to  5850, 
the  other  from  4670  to  4780.  A  third  band  was  suspected  at 
about  5400.  All  these  measures  are  only  approximate,  and 
should  be  repeated  at  some  observatory  where  spectroscopy  is 
made  a  special  study.  A  large  telescope  is  needed,  since  at 
best  the  spectrum  of  so  faint  a  star  will  not  be  easily  measured. 
It  will  be  noticed  that  the  first  of  these  bands  is  in  the  yellow 
not  far  from  the  D  line,  but  of  somewhat  less  wave-length. 
The  other  band  is  in  the  blue  between  the  F  and  G  lines. 
This  spectrum  is  unlike  that  of  any  other  source  of  light  so  far 
as  is  yet  known.  It  is  difficult  to  know  in  what  class  to  place 
this  body.  From  its  spectrum  of  bright  bands  on  a  faint  con- 
tinuous back-ground,  we  might  place  it  with  the  nebula,  since 
most  of  the  planetary  nebulflp  seem  to  have  a  faint,  continuous 
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spectrum  not  due  to  the  presence  of  stars  in  their  vicinity. 
The  material  of  which  this  object  is  composed  must,  however, 
be  different  On  the  other  hand,  it  resembles  a  star  in  other 
respects,  showing  no  disk  and  having  a  much  greater  intrinsic 
brightness  than  other  nebulae. 

The  fourth  new  object  was  discovered  on  September  2,  and 
consists  of  a  very  minute  nebula  in  R.  A.,  18b  14 *8m  and  Dec. 
—26°  58'.  This  is  the  smallest  planetary  nebula  known  and 
could  not  be  distinguished  from  a  thirteenth  magnitude  star  iu 
an  ordinary  telescope.  The  difference  between  it  and  a  star 
is,  however,  very  marked  in  the  prism,  and  had  it  been  a  mag- 
nitude fainter  its  peculiar  character  would  probably  have  been 
detected. 

It  is  estimated  that  the  spectra  of  about  a  hundred  thousand 
stars  have  so  far  been  examined,  although  only  about  one 
hundredth  part  of  the  heavens  has  a9  yet  been  explored.  A 
more  rapid  survey  of  the  whole  heavens  is  also  being  made  with 
a  comet-seeker  of  about  four-inches  aperture,  to  show  the 
presence  or  abseuce  of  peculiarities  in  the  spectra  of  the 
brightest  stars. 

Cambridge,  U.  S.,  Sept  7,  1880. 
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To  the  President  op  the  University  :  — 

Sir,  —  The  past  year  has  been  one  of  unusual  activity  at  the 
Observatory.  The  funds  which  were  recently  subscribed  for  the 
temporary  support  of  its  scientific  work  have,  as  was  expected, 
removed  all  present  apprehension  of  the  necessity  of  restricting 
either  of  the  principal  instruments  to  merely  occasional  observa- 
tions. In  fact,  while  both  the  Equatorial  and  the  Meridian  Circle 
have  continued  in  regular  employment,  the  increase  of  our  means 
has  permitted  many  important  researches  to  be  conducted  with 
the  smaller  instruments  without  interference  with  the  activity  of 
the  chief  telescopes.  I  trust  that  it  will  appear  hereafter  that  the 
entire  work  possesses  an  interest,  and  has  been  pursued  with  an 
economy  of  time  and  labor,  which  will  do  credit  to  the  liberality 
of  those  who  have  provided  the  necessary  means  for  its  con- 
tinuance. Many  of  the  subscribers  have  paid  in  one  sum  the 
entire  amounts  promised  during  five  years.  This  furnishes  the 
Observatory  for  the  present  with  an  additional  fund,  the  income 
of  which  will  increase  the  total  amount  of  the  subscription.  Of 
the  Annals  of  the  Observatory,  the  second  part  of  Vol.  XI.  and 
Vol.  XII.  have  been  completed  and  distributed  during  the  past 
year.  Good  progress  has  been  made  with  the  reductions  of  re- 
cent observations  ;  and  many  of  those  made  in  earlier  times  have 
been  prepared  for  publication.  The  present  report  will  describe 
successively  the  work  done  with  the  large  Equatorial  and  its 
subsidiary  instruments,  with  the  Meridian  Circle,  and  with  the 


Meridian  Photometer ;  the  work  connected  with  the  distribution 
of  the  standard  time  signals ;  the  publications  of  the  past  year, 
the  volumes  now  in  preparation,  the  condition  of  the  library,  and 
the  improvements  in  the  buildings  and  grounds. 

Large  Equatorial.  —  The  observations  with  this  instrument 
and  with  others  subsidiary  to  it  may  be  classified  by  subjects,  as 
follows :  — 

Satellites  of  Mars.  —  While,  during  the  opposition  of  1877,  the 
principal  observations  of  these  satellites  made  here  were  photo- 
metric, during  that  of  1879  their  position  with  respect  to  Mars 
was  made  the  chief  subject  of  inquiry.  A  longer  series  of  observa- 
tions was  obtained  here  during  the  past  year  than  was  made 
elsewhere  ;  and,  so  far  as  I  am  aware,  Deimos  was  last  seen  at  this 
Observatory.  The  method  of  reducing  the  light  of  Mars  by  col- 
ored glass — which  was  first  employed  here  during  the  micrometric 
measures  in  1877  —  was  again  used.  It  was  also  adopted  during 
the  recent  opposition  at  Washington,  and  at  various  foreign 
observatories.  The  observations  were  made  almost  exclusively 
by  Mr.  Wendell  and  myself.  They  principally  consisted  of 
measurements  of  position  angle  ;  but  many  measures  of  distance 
were  also  made  after  the  work  had  been  continued  for  some  time. 
The  number  of  observed  position  angles  of  Deimos  was  825,  of 
Phobos  278,  and  that  of  observed  distances  245.  The  probable 
error  of  one  setting  in  the  three  cases  was  0.°6,  0.°9,  and  0."6. 

Besides  the  micrometric  work  just  mentioned,  many  photo- 
metric measures  were  made,  the  results  of  which  have  been  com- 
pared with  those  obtained  in  1877,  and  published  in  Vol.  XI.  of 
the  Annals  of  the  Observatory.  These  measures  appear  to  show 
that,  if  we  assume  the  satellites  of  Mars  to  have  a  capacity  for 
reflecting  sunlight  equal  to  that  of  Mars,  Deimos  has  a  diameter 
of  about  six,  and  Phobos  of  about  seven  miles.  Deimos,  as  is 
shown  by  experience  at  various  places  as  well  as  here,  appeared 
somewhat  brighter  in  1879  than  in  1877  ;  and  in  both  years  it 
seems  to  have  been  brighter  measured  photometrically,  and  to 
have  been  more  readily  seen  when  it  followed  than  when  it  pre- 
ceded Mars. 

Eclipse*  of  Jupiter* s  Satellites.  —  The  photometric  determina- 
tion of  the  times  of  these  eclipses,  begun  in  the  summer  of  1878, 
has  been  regularly  continued  during  the  past  year.    The  total 


number  of  eclipses  thus  observed  up  to  Nov.  1,  1880,  is  119,  of 
which  60  are  of  Satellite  I.,  26  of  II.,  22  of  III.,  and  11  of  IV. 
The  results  thus  far  obtained  confirm  the  hope  with  which  the 
work  was  undertaken,  —  that  it  would  lead  to  a  more  precise 
knowledge  of  the  times  of  the  eclipses  than  had  formerly  been 
attainable.  Two  eclipses  of  Satellite  I.  have  been  compared  by 
plotting  the  observations  of  each,  and  drawing  smooth  curves 
through  them.  The  respective  intervals  in  seconds,  from  the 
computed  time  of  the  eclipse,  at  which  the  satellite  had  dimin- 
ished in  brightness  1.5,  2.0,  2.5,  3.0,  and  3.5  magnitudes,  were  in 
the  first  case  +  33,  + 16,  +4,  —  6,  — 13 ;  in  the  second  case, 
+  40,  +  18,  +  6,  —  2,  —  9.  Regarding  these  as  two  sets,  each 
consisting  of  five  independent  and  equally  precise  observations, 
we  find  that  they  indicate  a  change  of  3/8,  with  a  probable  error 
of  0/6.  It,  therefore,  seems  reasonable  to  hope  that  in  the  final 
reduction,  in  which  proper  weight  will  be  assigned  to  each 
observation,  the  time  of  each  eclipse  will  be  determined  with  a 
probable  error  of  less  than  a  second.  The  probable  error  in 
observations  of  the  customary  kind  was  found  by  M.  Glase- 
napp,  some  years  ago,  to  be  between  nine  and  ten  seconds.  If 
further  experience  confirms  the  expectations  now  entertained 
with  regard  to  the  photometric  method,  the  eclipses  of  Jupi- 
ter's satellites  may  again  come  into  use  as  a  means  of  determin- 
ing the  longitudes  of  remote  stations.  The  eclipses  of  the  three 
outer  satellites  furnish  nearly  as  good  results  as  those  of  the 
first,  since  the  greater  number  of  observations  attainable  com- 
pensates a  considerable  extent  for  the  less  rapid  variation  in 
brightness. 

A  new  photometer,  frequently  used  in  the  more  recent  of  these 
observations,  is  mentioned  under  the  heading  "  Variable  Stars." 

Planetary  Nebulae.  —  The  observations  of  these  objects  de- 
scribed in  my  last  report  are  now  nearly  completed.  Pour  sets 
of  measures  of  the  light  of  each  nebula  are  made,  the  work  on 
each  not  being  confined  to  one  night,  and  being  conducted  by 
different  observers,  so  that  the  results  may  be  more  trustworthy. 
The  spectra  of  the  nebulas  are  also  observed  through  a  direct- 
vision  prism  placed  between  the  object-glass  and  the  eyepiece  of 
the  telescope.  The  planetary  nebulae  retain  their  shape  under  these 
circumstances,  which  obviously  indicates  that  their  light  is  mainly 
monochromatic.    The  presence  of  a  continuous  spectrum,  too 


faint  for  observation  by  a  spectroscope  of  the  usual  form,  is  also 
frequently  detected  by  the  method  above  described. 

The  difference  in  the  appearance  of  monochromatic  objects 
and  of  ordinary  stars  is  so  marked  when  thus  examined  as 
to  offer  a  promising  method  of  discovering  some  small  bright 
nebulae,  which  would  appear  as  stars  with  an  ordinary  eyepiece. 
A  region  where  planetary  nebulae  were  known  to  be  comparatively 
frequent  was  accordingly  examined  with  the  prism,  and  three  objects 
of  the  expected  kind  were  found.  Their  positions  for  1880  are  as 
follows :  R.  A.  18h  4m  19s,  Dec.  —28°  12' ;  R.  A.  18h  14ra  23s,  Dec. 
—  26°  53' ;  R.  A.  18h  25m  10%  Dec.  —25°  13'. 

A  systematic  search  was  accordingly  undertaken,  and  has  been 
completed  for  about  six  hundred  square  degrees.  A  more  rapid 
survey  of  the  whole  heavens  has  also  been  begun  with  the  Bowditch 
Comet-seeker.  About  an  eighth  of  the  visible  heavens  has  thus 
far  been  explored.  No  additional  monochromatic  objects  have 
been  found ;  but  two  of  the  stars  examined  probably  belong  to 
Secchi's  fourth  type,  of  which  only  about  fifty  were  previously 
known.  Their  positions  for  1880  are  in  R.  A.  19h  55m  16s,  Dec. 
—28°  3' ;  R.  A.  19h  59m  35s,  Dec.  —27°  34'.  R  Aquarii  seems  to 
be  of  the  same  class.  Its  place  for  1880  is  in  R.  A.  23h  37m  37s, 
Dec.  —15°  57'. 

The  most  remarkable  discovery,  however,  is  that  the  spectrum 
of  the  star  Oeltzen  17681  (the  place  of  which  for  1880  is  in  R.  A. 
18h  lm  17s,  Dec.  — 21°  1'),  possesses  a  peculiar  character.  The 
light  of  this  star  is  principally  concentrated  in  two  points  of 
the  spectrum,  one  in  the  blue,  the  other  in  the  yellow,  a  little 
more  refrangible  than  the  D  line.  A  faint,  continuous  spectrum 
is  also  seen. 

By  sweeping  the  telescope  over  the  region,  the  stars  may  be 
examined  very  rapidly.  Over  a  hundred  thousand  spectra  have 
already  been  viewed  in  this  way,  and  it  is  expected  that  by  the 
end  of  the  next  year  the  number  observed  will  exceed  half  a 
million. 

Variable  Stars.  —  Last  summer  a  remarkable  variable  star  was 
discovered  by  M.  Geraski  of  the  Moscow  Observatory.  This  star 
belongs  to  the  Algol  type,  of  which  only  five  .others  are  as  yet 
known.  Its  period  was  announced  as  about  ten  days.  Dr. 
Schmidt  showed  that  this  time  should  be  divided  by  two,  and 
gave  the  period  as  a  little  less  than  five  days.    Observations  made 


at  this  Observatory  showed  that  the  period  should  be  again  divided 
by  two,  so  that  the  true  period  is  only  two  days  and  a  half.  The 
star  has  also  been  watched  to  see  that  no  further  subdivision  will 
be  made.  Photometric  measures  have  been  made  of  the  light  of 
the  comparison  stars,  and  preparations  are  now  in  progress  for 
determining  the  light  curve  of  the  variable  photometrically. 

The  new  star  in  Cygnus  was  found  by  Lord  Lindsay  to  consist 
of  monochromatic  light,  or  apparently  to  have  changed  into  a 
planetary  nebula.  This  object  has  now  diminished  greatly  in 
light,  and  appears  to  have  lost  this  peculiarity,  and  to  give  a  con- 
tinuous spectrum  like  that  of  an  ordinary  star.  Regarding  it  as  a 
nebula,  we  seem  to  have,  in  this  case  at  least,  undoubted  evidence 
of  variability. 

A  new  photometer  has  been  constructed  for  the  comparison  of 
stars  moderately  near  each  other,  but  too  distant  to  be  brought 
into  the  same  field  by  any  of  the  photometers  previously  in  use. 
The  polarized  images  of  the  two  stars  are  brought  to  equality  by 
turning  a  Nicol  prism,  and  both  images  are  seen  under  the  same 
conditions.  The  range  of  positions  in  which  the  double-image 
prism  may  be  placed  is  greater  in  this  than  in  previous  photom- 
eters made  on  the  same  general  principle.  The  instrument  has 
hitherto  been  used,  when  attached  to  the  equatorial,  for  the  obser- 
vation of  eclipses  of  Jupiter's  satellites.  Its  most  extensive  em- 
ployment has  been  in  comparisons  of  @  with  o>  Persei,  for  which 
purpose  it  is  provided  with  a  small  object-glass,  and  mounted  as  a 
separate  instrument.  The  results  of  these  comparisons  are,  in 
general,  remarkably  accordant,  and  seem  to  promise  a  determina- 
tion of  the  light  curve  of  0  Persei  with  increased  precision. 
Three  observers  take  part  in  the  work,  each  taking  in  turn  three 
sets  of  four  settings  each,  reversing  the  images  in  the  middle  of 
each  set.  The  average  deviation  of  the  sets  amounts  only  to 
about  0.06  magnitudes.  Accordingly,  while  photometric  observa- 
tions in  general  give  results  somewhat  less  accordant  than  those 
obtained  by  the  naked  eye  under  favorable  circumstances,  this 
instrument  appears  to  surpass  the  unaided  eye  in  precision,  with- 
out losing  the  advantage  common  to  all  good  photometers  of 
supplying  results  independent  of  each  other  and  reducible  to  a 
definite  standard. 

Miscellaneous.  —  The  places  of  Hartwig's  comet  (1880  d),  and 
of  Iphigenia  (112),  have  been  observed  by  Mr.  Wendell.     The 
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four  first  asteroids  —  Geres,  Pallas,  Juno,  and  Vesta  —  have  like- 
wise been  photometrically  observed. 

The  investigation  of  suitable  methods  for  the  detection  of  stars 
having  a  considerable  parallax  or  proper  motion,  which  was  pro- 
posed by  Mr.  Searle,  has  been  carried  on  by  him,  with  the  aid  of 
Mr.  Wendell  as  in  the  previous  year,  during  the  few  hours, 
generally  towards  the  end  of  the  night,  which  could  be  made 
available  for  the  purpose ;  and  will  perhaps  be  continued,  as 
opportunities  may  occur,  with  apparatus  improved  in  accordance 
with  the  indications  afforded  by  the  observations  already  made. 

Meridian  Circle.  —  The  present  Report  covers  the  period  from 
September  24,  1879,  to  November  1,  1880.  During  this  time 
observations  have  been  made  on  277  days.  This  number  of  days 
is  distributed  by  months  as  follows :  — 


1879. 


♦♦ 


>♦ 


1880. 


ii 


>> 


Month. 

September, 
October 
November, 
December, 
January    . 
February    . 
March   .     . 


No.  Days 
Observed. 

7 

26 
18 
23 

2 

0 
23 


1880. 


n 


n 


n 


it 


»i 


ii 


Month. 

April    .  . 

May      .  . 

June     .  . 

July      .  . 
August 
September 

October  . 


No.  Days 
Observed. 

.  27 

.  27 

.  28 

.  22 

.  21 

.  26 

.  27 


During  the  present  year,  work  with  the  Meridian  Circle  has 
been  for  the  most  part  limited  to  the  continuation  of  the  observa- 
tions for  the  determination  of  the  absolute  co-ordinates  of  the 
selected  list  of  109  fundamental  stars.  The  only  miscellaneous 
work,  has  been  a  series  of  observations  for  the  determination  of 
the  difference  of  longitude  between  this  Observatory  and  the 
Winchester  Observatory  of  Yale  College. 

The  series  of  observations  which  was  begun  February  15, 1879, 
was  completed  January  3,  1880. 

Before  the  commencement  of  the  series  for  the  current  year, 
the  following  instrumental  changes  were  made  :  — 

(a)  The  Standard  Clock,  Frodsham,  No.  1327,  was  removed 
from  its  exposed  position  in  the  East  Computing  Room  to  the 
pier  formerly  occupied  by  the  Howard  Clock  in  the  Clock-room 
of  the  Time  Service. 

(b)  In  order  to  furnish  the  means  of  measuring  the  variation 
of  the  instrumental  constants  during  the  interval  from  one  culmi- 
nation of  Polaris  to  the  next,  Messrs.  Alvan  Clark  &  Sons  were 
employed  to  construct  a  collimator  of  long  focus.    The  marble 


cap-stone  of  the  south  collimator  pier  was  removed,  and  four 
upright  rods  were  inserted  in  the  brick  pier,  by  which  the  bed- 
plate carrying  the  Y's  of  the  collimator- tube  were  firmly  se- 
cured. The  object-glass  of  the  new  collimator,  which  has  a  focus 
of  206  feet,  was  set  in  a  frame  which  was  securely  fastened  to 
the  under  side  of  the  bed-plate  holding  the  object-glass  of  the 
regular  collimator.  An  opening  through  the  pier  and  the  wall 
of  the  building  allows  the  free  passage  of  light. 

The  experience  of  1879  has  shown  that  it  is  impossible  for 
one  observer  to  carry  on  the  regular  system  of  observations,  and 
at  the  same  time  make,  in  a  systematic  way,  the  requisite  num- 
ber of  observations  for  the  investigation  of  the  differential  refrac- 
tion by  means  of  a  large  and  miscellaneous  list  of  stars.  The 
observations  of  this  class  made  during  the  present  year  were 
therefore  limited  to  a  few  stars  observed,  as  nearly  as  possible, 
at  successive  culminations. 

It  has  been  found  impracticable  to  limit  the  observations  to 
stars  which  have  nearly  the  same  declination  as  the  sun,  and  at 
the  same  time  to  obtain  an  equal  number  of  observations  at  oppo- 
site seasons  of  the  year.  Hence,  during  the  present  year,  the 
entire  working-list  has  been  arranged  in  the  order  of  right  ascen- 
sion. The  advantage  gained  by  making  the  observations  differ- 
ential with  respect  to  the  sun  will  be  secured  in  their  reduction. 

Inasmuch  as  the  report  of  the  last  year  closed  in  September, 
the  tabular  statement  of  the  observations  for  the  entire  series  is 
included  in  the  series  for  1880. 

The  limiting  dates  for  the  different  classes  of  observations  are 
as  follows :  —  • 

Entire  Series  I.  extends  from  February  15,  1879,  to  January  2,  1880. 
Entire  Series  II.  extends  from  February  29,  1880,  to  November  1,  1880. 
Series  at  Vernal  Equinox  extends  from  February  15, 1880,  to  April  27, 1880. 
Series  at  Autumnal  Equinox  extends  from  August  15, 1880,  to  November  1, 

1880. 
Series  at  North  Solstice  extends  from  June  6,  1880,  to  July  6,  1880. 
Series  at  South  Solstice  extends  from  December  7,  1880,  to  January  4, 1880. 


Polaris. 
No.  Obs. 

Sun. 
No.  Obs. 

Observations 

for 
Refraction. 

Funda- 
mental 
Stars. 

1879. 
1880. 

U.C.L.C.  Total. 

102    112     214 
80    103     188 

Vernal  Autumn  North  South  Total. 
Eq.         Eq.     Solstice. Solstice. 

36           42           18         10       143 
83          42          24                   181 

No.    No.  Obs.  No.  Obs. 
Stars.      U.C.       L.  C. 

62          282          143 
10          181            70 

No.  Obs. 

1744 
1760 
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Of  the  entire  number  of  observations  of  fundamental  stars 
made  during  the  present  year,  1,010  were  made  previous  to 
August  15;  and  750  observations  of  the  same  stars  were  made 
between  August  15  and  November  1.  At  the  conclusion  of  the 
series  in  January,  these  numbers  will  be  nearly  equal. 

The  number  of  observations  between  noon  and  midnight  is 
nearly  equal  to  that  between  midnight  and  the  following  noon. 

Reductions.  —  The  chronograph  sheets  for  1879-80  have  been 
read  off  to  August  of  the  current  year.  Beyond  this  but  little 
work  has  been  done  towards  the  reduction  of  the  observations. 

Since  the  completion  of  Vol.  XII.  the  time  of  the  computing 
force  has  been  devoted  exclusively  to  the  reduction  of  the  zone 
observations.  In  order  to  give  a  symmetrical  character  to  the 
entire  series  of  zone  observations,  it  was  considered  better  to 
make  the  instrumental  constants  and  clock  errors  depend  directly 
upon  the  places  of  the  fundamental  stars  given  in  Publication 
XIV.  of  the  Astronomische  Gesellschaft.  The  labor  of  recom- 
putation  for  the  years  1871,  1872, 1874  and  1875  has  not  been 
very  great. 

The  present  state  of  the  zone  reductions  is  as  follows :  — 

(a)  The  means  of  the  right-ascension  wires,  of  the  declination 
wires,  and  of  the  circle-readings,  have  been  taken  in  duplicate 
for  the  entire  series. 

(6)  The  instrumental  errors  in  right-ascension,  and  the  clock 
errors,  have  been  recomputed  from  May,  1872,  to  January,  1879. 

(<?)  The  declination  constants  have  been  recomputed  for  the 
same  period  except  for  the  years  1876  and  1877. 

(d)  Considerable  progress  has  been  made  with  the  reduction 
of  the  fundamental  stars  between  November  10, 1870,  and  May, 
1872. 

The  investigation  of  the  variability  of  the  flexure  of  the  tele- 
scope has  been  so  far  completed  that  it  is  safe  to  say  that  for 
the  zenith  distance  53°  the  value  of  the  flexure  for  January  of  any 
year  is  about  0."6  greater  than  for  July  of  the  same  year.  This 
variability  was  suspected  as  early  as  1876 ;  but  it  was  impossible 
to  determine  at  that  time  whether  it  might  not  be  due  either  to 
the  refraction  constants  employed,  or  to  the  systematic  errors  of 
the  provisional  system  of  fundamental  stars.  Beginning  with 
September,  1878,  observations  for  flexure  have  been  made  with 
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the  collimators  whenever  the  conditions  for  its  determination  have 
been  favorable.  The  agreement  of  the  values  derived  in  this  way 
with  those  derived  from  the  new  system  of  fundamental  stars 
seems  to  indicate  that  the  Pulkowa  constants  for  refraction  nearly 
satisfy  observations  made  under  the  atmospheric  conditions  com- 
mon in  this  latitude. 

Meridian  Photometer.  —  Much  progress  has  been  made  with 
the  undertaking  announced  in  my  last  report  of  measuring  the 
light  of  all  the  stars  visible  to  the  naked  eye  between  the  north 
pole  and  — 30°.  The  photometer  consists  of  a  transit  instrument 
in  which  polarized  images  of  the  star  to  be  measured  and  of  the 
pole-star  are  placed  side  by  side  in  the  field,  and  brought  to 
equality  by  turning  a  Nicol  prism  inserted  in  the  eye-piece.  The 
instrument  is  so  constructed  that  the  two  objects  are  viewed 
under  precisely  the  same  conditions,  with  the  same  magnifying 
power,  the  same  aperture,  the  same  background,  and  the  same 
emergent  pencil.  Moreover,  their  positions  are  reversed  during 
each  observation.  The  observer  remains  in  comparative  dark- 
ness and  confines  his  attention  to  the  settings,  all  the  readings 
of  circles  and  the  recording  being  done  by  an  assistant.  A  large 
number  of  preliminary  measures  were  made,  during  which  various 
sources  of  error  were  detected.  These  were  finally  eliminated, 
and  the  first  zone  was  taken  on  Oct.  25,  1879.  Owing  to  bad 
weather  and  other  causes,  only  twenty  zones  were  taken  before 
December.  Since  then  two  or  three  zones  of  about  an  hour  each 
have  been  taken  by  different  observers  on  almost  every  clear 
evening.  Before  Nov.  1,  1880,  298  zones  were  taken  on  137 
nights.  The  working-list  contains  about  four  thousand  stars, 
each  of  which  is  to  be  observed  on  three  different  nights  by 
different  observers.  Four  settings  are  made  each  night.  To  de- 
termine the  atmospheric  absorption,  a  hundred  circumpolar  stars 
are  observed  at  their  upper  and  lower  culminations.  Each  of 
these  stars  will  be  observed  on  about  ten  or  twelve  nights.  The 
stars  of  the  first  and  second  magnitude  will  also  be  observed  on 
about  twelve  nights.  Except  in  a  few  of  the  early  zones,  two 
images  of  the  pole-star  are  compared  at  the  beginning,  middle, 
and  end  of  each  zone,  thus  eliminating  differences  in  the  two 
objectives  and  prisms.  The  number  of  separate  settings  is  as 
follows :  30,076  of  ordinary  stars,  2,996  upper  culminations,  3,168 
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lower  culminations,  1,268  of  bright  stars,  and  2,848  of  the  pole- 
star.  Total,  40,356.  Besides  these,  many  measures  have  been 
made  of  the  brighter  planets,  of  Vesta,  and  of  the  brighter  varia- 
bles and  their  comparison  stars. 

More  than  half  of  the  work  is  now  done,  and  it  is  probable 
that  the  observations  will  be  completed  during  next  October,  un- 
less the  weather  is  very  unfavorable.  It  is  possible,  however,  that 
additional  observations  will  be  made  of  the  brighter  stars  and 
of  the  variables,  and  the  work  thus  extended  through  another 
year.  In  this  case  the  total  number  of  settings  will  doubtless 
exceed  one  hundred  thousand.  The  average  difference  in  the  three 
measures  of  the  pole-star  taken  in  each  zone  is  somewhat  less 
than  0.08  magnitudes.  The  probable  error  in  the  mean  of  the 
three  measures  of  a  star  is  also  about  0.08  magnitudes.  When 
the  three  measures  differ  so  much  that  the  probable  error  exceeds 
0.2,  another  observation  is  taken,  and  this  is  repeated  until  the 
error  is  reduced  to  0.2,  or  until  one  of  the  observations  is  shown 
to  be  erroneous.  Although  the  reduction  of  a  single  observation 
is  very  simple,  yet  the  great  number  taken  renders  the  clerical 
work  very  laborious,  the  manuscript  already  filling  about  seven 
reams  of  letter  paper. 

Time  -  Signals.  —  The  distribution  of  time-signals  from  the  Ob- 
servatory has  been  efficiently  maintained  during  the  year  by  Mr. 
F.  Waldo,  the  assistant  in  charge  of  this  service.  The  error  of 
the  signals  at  10  a.m.  has  very  seldom  exceeded  one-tenth  of  a 
second,  as  determined  by  comparison  with  the  standard  sidereal 
clock.  The  clock-room,  built  in  the  cellar  of  the  west  wing  of  the 
Observatory,  continues  to  give  satisfaction.  The  extreme  varia- 
tion in  its  temperature  during  the  year  was  13.2  degrees  Fahren- 
heit, and  the  variation  from  week  to  week  is  only  about  four 
degrees. 

The  Observatory  and  the  Waltham  Watch  Factory  are  in  tele- 
graphic communication ;  and  an  arrangement  has  been  made  with 
the  Watch  Company  which  permits  the  use  of  an  excellent  clock 
at  the  factory  for  comparison  with  the  clocks  of  the  Observatory. 
This  is  chiefly  serviceable  as  an  additional  security  in  the  obser- 
vations made  with  the  meridian  circle,  but  it  may  be  of  occasional 
use  also  in  the  distribution  of  time-signals  in  case  of  accident  or 
during  a  long  continuance  of  cloudy  weather. 

The  signals  sent  from  this  Observatory  are  used  in  New  York, 
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in  connection  with  those  of  the  United  States  Naval  Observatory 
and  of  the  Allegheny  Observatory  for  the  regulation  of  the  New 
York  time-service.  This  Observatory  receives  no  payment  for  the 
assistance  thus  rendered. 

The  time-ball  in  Boston  has  been  dropped  at  noon  with  great 
regularity  and  precision,  owing  largely  to  the  skill  and  care,  and 
especially  to  the  experience,  of  Mr.  Purssell  of  the  United  States 
Signal  Service, who  is  in  charge  of  the  ball.  On  355  days,  the  ball 
was  dropped  exactly  at  noon,  and  on  four  other  days  at  five  minutes 
past  noon,  according  to  the  rule  adopted ;  on  four  days  it  was  not 
dropped,  —  leaving  only  three  cases  of  inaccuracy  of  dropping. 
Prom  May  1  to  Nov.  1, 1880,  no  failure  has  occurred  ;  and  in 
only  one  case  has  the  descent  of  the  ball  been  postponed  five 
minutes ;  on  one  other  occasion  it  was  dropped  at  noon  by  hand, 
instead  of  by  telegraph. 

The  telegraph  lines  and  batteries  have  continued  in  charge  of 
Messrs.  Stearns  and  George,  whose  care  and  watchfulness  have 
largely  contributed  to  the  efficiency  of  the  work. 

Publication. — The  second  part  of  Volume  XI.  of  the  Annals  of 
the  Observatory  has  been  completed  and  distributed  during  the 
past  year.  It  contains  a  discussion  of  a  part  of  25,000  photo- 
metric observations  made  with  the  large  equatorial  in  1877, 1878, 
and  1879.  This  discussion  relates  chiefly  to  the  fainter  objects 
observed,  such  as  the  satellites  of  planets  and  minute  stars  situ- 
ated near  brighter  ones.  No  photometric  observations  of  most  of 
these  objects  were  previously  in  existence,  and  these  must  accord- 
ingly have  a  considerable  value,  although  they  cannot  be  expected 
to  be  as  accurate  as  the  observations  of  brighter  objects,  made 
with  photometers  of  a  different  kind,  and  discussed  in  Part  I.  of 
the  same  volume.  The  faint  objects  should,  if  possible,  be  re- 
observed  by  some  method  wholly  different  from  that  first  em- 
ployed, and  this  work  will  probably  be  undertaken  here  at  some 
future  time. 

Volume  XII.,  which  contains  the  results  of  observations  made 
in  1874  and  1875  by  Professor  W.  A.  Rogers  with  the  Meridian 
Circle,  has  also  been  completed  and  distributed.  This  volume 
includes  a  discussion  of  the  proper  motion  of  618  stars,  and  a 
comparison  of  their  places  as  found  here  and  at  other  observatories. 
The  values  of  the  probable  errors  show  that  the  work  compares 
favorably  with  the  best  done  elsewhere.     The  list  of  stars  is  sub- 
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stantially  the  same  as  that  of  Volume  X.  In  that  volume  the 
times  of  transit  over  the  separate  wires  were  given  in  full ;  but 
in  Volume  XII.  only  the  means  have  been  published ;  and  the 
expense  of  publication  makes  it  probable  that  still  further  abridg- 
ment will  be  necessary  in  future  volumes  of  the  same  class. 

The  following  publications  have  also  been  made  by  officers  of 
the  Observatory :  — 

On  the  Present  State  of  the  Question  of  Standards  of  Length. 
By  Wm.  A.  Rogers.     Proc.  Amer.  Acad.,  xv.  273. 

On  Tolles'  Interior  Illuminator  for  Opaque  Objects.  By  Wm.  A. 
Rogers.     Journ.  Roy.  Micros.  Soc,  iii.  754. 

Observations  of  Comet  c,  1879  (Swift),  made  with  the  15-inch 
Equatorial  of  the  Harvard  College  Observatory.  0.  C.  Wendell. 
Astron.  Nach.,  xcvi.  21,  No.  2282.  Observations  on  sixteen 
nights. 

Observations  of  the  Satellites  of  Mars  made  at  the  Harvard 
College  Observatory.  Edward  C.  Pickering  and  0.  C.  Wendell. 
Astron.  Nach.,  xcvii.  115,  145.  Nos.  2312,  2314.  Contains  the 
results  of  1,348  observations. 

Dimensions  of  the  Fixed  Stars  with  Especial  Reference  to 
Binaries  and  Variables  of  the  Algol  Type.  Edward  C.  Pickering. 
Proc.  Amer.  Acad.,  xvi.  1.  pp.  37.  Contains  a  discussion  of  the 
conclusions  that  might  be  derived  if  all  stars  had  equal  intrinsic 
brightness  ;  also  determines  the  orbit  which  a  dark  satellite  must 
have  to  produce  the  observed  variations  in  light  of  fi  Persei. 

New  Planetary  Nebulae.  Edward  C.  Pickering.  Amer.  Journ. 
of  Science,  xx.  303. 

The  following  papers  were  read  by  Professor  Rogers  before  the 
American  Association,  and  will  appear  in  their  forthcoming 
volume  of  Proceedings:  — 

On  the  Progress  made  at  the  Observatory  of  Harvard  College 
in  the  Determination  of  the  Absolute  Co-ordinates  of  109  Funda- 
mental Stars. 

On  a  Simple  and  Expeditious  Method  of  Investigating  all  the 
Division  Errors  of  a  Meridian  Circle. 

On  the  Systematic  Errors  of  the  Greenwich  Right  Ascensions 
of  Southern  Stars  observed  between  1816  and  1831. 

On  a  Preliminary  Determination  of  the  Equation  between 
the  British  Imperial  Standard  Yard  and  the  Metre  of  the 
Archives. 
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Besides  some  shorter  notices,  the  following  reviews  of  the 
Annals  have  been  published:  Vol.  IX.,  by  Mr.  Th.  Wolff,  in 
Vierteljahr.  der  Astron.  GeselL,  xv.  193 ;  Vol.  XI.,  Part  I.,  by 
Mr.  E.  Lindemann,  Vierteljahr.  der  Astron.  GeselL,  xv.  208. 
Vol  XL  has  also  been  reviewed  in  Nature,  xxi.  23 ;  Observatory, 
iii.  387,  515 ;  and  the  Astronomical  Register,  xvii.  290,  xviii. 
110. 

A  circular  inquiring  to  what  extent  the  series  of  Annals  of  this 
Observatory  was  complete  as  far  as  Volume  XL  inclusive,  was  pre- 
pared last  winter,  and  over  two  hundred  copies  of  it  were  sent  in 
February  to  the  institutions  and  to  some  of  the  astronomers 
among  whom  our  publications  are  distributed.  At  the  time  of 
the  distribution  of  Volume  XIL,  in  July,  the  deficiencies  reported 
in  answer  to  the  circular  were  supplied  so  far  as  the  stock  of 
the  older  volumes  would  permit;  and  a  second  copy  of  the 
circular  was  sent  to  each  library  from  which  no  reply  to  the 
first  copy  had  been  received.  Prom  the  reports  which  have  thus 
far  been  made  it  appears  that  fifty-nine  sets  of  the  Annals  were 
already  complete  ;  and  this  number  has  been  increased  to  eighty- 
nine  by  the  recent  distribution.  Forty-six  sets  were  also  partially 
completed,  and  notice  sent  of  the  scarcity  of  the  volumes  not  sup- 
plied. Prom  thirty-five  institutions  no  reply  to  the  circular  has 
as  yet  been  received.  The  volumes  for  which  the  demand  relatively 
to  the  stock  on  hand  is  greatest  are  :  II.  Part  I.  (observations  of 
Saturn),  III.  (Comet  of  1858),  and  V.  (Nebula  in  Orion).  These 
can  be  supplied  only  in  exceptional  cases.  Any  duplicate  copies 
will  be  thankfully  received,  and  will  be  used  in  completing  broken 
sets.  The  following  statement  shows  that  few  copies  remain  of 
some  other  early  volumes,  duplicates  of  which  would  also  be 
welcome :  — 

Vol.  I.  Part  I.  242,  Part  II.  98  ;  Vol.  II.  Part  I.  39,  Part  II. 
45 ;  Vol.  III.  43  ;  Vol.  IV.  Part  I.  22,  Part  II.  157  ;  Vol.  V.  39 ; 
Vol.  VI.  191 ;  Vol.  VII.  124 ;  Vol.  VIII.  30  ;  Vol.  IX.  300 ; 
Vol.  X.  115 ;  Vol.  XL  Part  I.  189,  Part  II.  206 ;  Vol.  XIL 
180. 

A  new  edition  of  Vol.  VIII.  was  published  by  Messrs.  Ginn  & 
Heath ;  but  a  large  portion  of  it  was  destroyed  by  fire  some 
months  ago,  and  the  remainder  was  purchased  by  the  Observatory 
in  order  to  complete  sets. 

A  re-examination  has  been  made  of  the  equatorial  observations 
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taken  in  1866-76.  A  second  reduction  of  the  measurements  of 
double  stars  is  now  nearly  complete.  The  observations  of  nebul® 
and  of  occultations  are  also  nearly  ready  for  the  press.  The  ob- 
servations of  asteroids  and  comets  have  in  most  cases  lost  their 
value ;  but,  as  they  may  be  much  needed  in  special  cases,  it  is 
proposed  to  publish  an  index  to  them,  so  that  any  which  are 
wanted  can  be  furnished  on  application  to  this  Observatory. 

A  beginning  has  been  made  in  the  reduction  of  the  meteoro- 
logical observations  from  1840  to  1880.  Owing  to  their  great 
bulk,  it  is  probable  that  only  the  monthly  means  will  be  published. 
These,  with  the  Meridian  Circle  observations,  the  recent  photo- 
metric observations  of  the  large  telescope,  the  work  with  the 
Meridian  Photometer,  and  the  observations  of  Jupiter's  satellites, 
will  fill  at  least  six  volumes,  which  are  in  a  more  or  less  advanced 
state  of  preparation  for  publication. 

Library.  —  Notwithstanding  the  additional  shelves  placed  in 
the  Library,  more  room  is  now  much  needed,  and  it  will  probably 
be  necessary  soon  to  devote  the  room  opposite  to  library  pur- 
poses. Some  binding  has  been  done,  especially  in  collecting  the 
pamphlets,  but  much  more  is  required.  One  or  two  hundred 
volumes  could  be  bound  to  advantage.  The  press  of  other  work 
has  also  prevented  cataloguing  the  later  additions  to  the  Library, 
and  marking  the  books  so  as  to  define  their  precise  location.  The 
Library,  however,  is  not  yet  so  large  as  to  render  this  omission  a 
serious  inconvenience. 

Buildings,  Grounds,  £c.  —  Various  improvements  have  been 
made  in  the  west  wing  of  the  Observatory.  The  wooden  pier  of 
the  west  Equatorial  had  become  somewhat  unsteady ;  it  obstructed 
and  darkened  the  entry  through  the  building,  and  was  a  source 
of  much  danger  in  case  of  fire.  The  entry  was  accordingly  car- 
ried through  it,  over  a  structure  of  brick  in  the  basement,  where 
a  pier  suitable  for  a  clock  has  been  placed.  Additional  storage 
room  for  volumes  of  the  Annals  was  attained  by  this  alteration. 
Hard-pine  floors  were  laid  in  the  entries  and  in  the  Library.  The 
entries  were  painted  and  the  upper  story  repapered.  A  handsome 
carpet  has  also  been  purchased  for  the  Computing  Room  in  the 
east  wing. 

The  lower  end  of  the  sunken  road,  formerly  opening  on  Con- 
cord Avenue,  has  been  filled  up,  and  the  appearance  of  this  part 
of  the  grounds  has  been  greatly  improved.    Another  important 
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improvement  has  been  made  by  regrading  and  sowing  with  grass- 
seed  the  portion  of  the  grounds  near  Madison  Street. 

Last  spring  an  unusually  favorable  opportunity  offered  itself  to 
Professor  Rogers  to  procure  copies  of  the  standard  yard  and 
metre,  and  to  determine  the  relation  between  them.  He  accord- 
ingly made  a  brief  visit  to  France  and  England  for  this  purpose, 
and  collected  the  material  for  what  promises  to  be  a  valuable 
contribution  to  this  subject. 

It  is  my  painful  duty  to  announce  the  death  of  Mr.  Joseph  P. 
McCormack,  who  aided  in  the  work  of  the  Observatory  from  1872 
to  1880.  He  was  a  faithful  and  conscientious  assistant,  and  at- 
tained great  skill  in  his  special  work,  that  of  reading  the  micro- 
scopes of  the  Meridian  Circle.  He  died  of  typhoid  fever  on  Feb. 
2, 1880,  at  the  age  of  twenty-five  years  and  six  months. 

The  principal  want  of  the  Observatory  at  the  present  time  is 
means  for  the  publication  of  its  Annals.  The  large  number  of 
volumes  (Vols.  IV.  Part  II. ,  VIII.,  IX.,  X.,  XI.  Parts  I.  and  II., 
and  XH.)  issued  during  the  past  five  years  has  exhausted  the 
accumulated  interest  of  the  Sturgis  Fund ;  only  one  more  volume 
can  be  paid  for  at  present  from  the  Quincy  Fund  ;  and  no  other 
funds  are  especially  intended  to  defray  the  expenses  of  publica- 
tion. A  part  of  the  annual  subscriptions  might  be  used  for 
printing ;  but  this  seems  unadvisable  while  the  whole  can  be  so 
usefully  and  economically  employed  in  providing  additional  assist- 
ance for  carrying  on  and  reducing  the  work  of  the  Equatorial  and 
other  instruments. 

The  cost  of  each  volume  will  be  about  two  thousand  dollars,  or 
where  the  two  parts  are  published  separately,  about  a  thousand 
dollars  for  each  part.  Some  volumes,  especially  the  results  of  the 
zone  observations  and  of  the  Meridian  Photometer,  are  likely  to 
be  standard  works  of  reference  for  many  years.  It  is  hoped  that 
persons  may  be  found  willing  to  further  the  cause  of  astronomi- 
cal science  by  contributing  to  this  object. 

EDWARD  C.  PICKERING. 
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VARIABLE  STARS  OF  SHORT  PERIOD. 
By  Edward  C.  Pickering. 

Presented  February  9, 188L 

In  a  recent  communication  to  this  Academy  *  the  following  classifica- 
tion of  the  variable  stars  was  proposed :  — 

I.  Temporary  stars.  Examples,  Tycho  Brand's  star  of  1572,  new 
star  in  Corona,  1866. 

IL  Stars  undergoing  great  variations  in  light  in  periods  of  several 
months  or  years.    Examples,  o  Ceti  and  x  Oygni. 

HE.  Stars  undergoing  slight  changes  according  to  laws  as  yet  un- 
known.    Examples,  a  Orionis  and  a  Cassiopeia. 

IV.  Stars  whose  light  is  continually  varying,  but  the  changes  are 
repeated  with  great  regularity  in  a  period  not  exceeding  a  few  days. 
Examples,  /9  Lyrce  and  £  Cephei. 

V.  Stars  which  every  few  days  undergo  for  a  few  hours  a  remark- 
able diminution  in  light,  this  phenomenon  recurring  with  great  regu- 
larity.    Examples,  /?  Persei  and  S  Cancri. 

A  discussion  was  given,  in  the  article  referred  to,  of  the  stars  of 
the  last  class.  It  was  shown  that  in  the  case  of  fi  Persei  at  least,  the 
observed  variations  could  be  very  satisfactorily  explained  by  the  theory 
that  the  reduction  in  light  was  caused  by  a  dark  eclipsing  satellite. 
The  dimensions  of  this  satellite  and  of  its  orbit  were  then  computed. 
The  variations  of  the  stars  of  the  fourth  class  will  be  considered  in 
the  present  paper.  Both  of  these  papers  must  be  regarded  as  prelimi- 
nary, rather  than  final,  discussions.  Observations  are  now  in  progress 
at  the  Harvard  College  Observatory  which  greatly  increase  the  preci- 
sion of  our  knowledge  of  many  of  the  constants  involved.  When 
these  are  completed,  a  revision  of  the  whole  investigation  is  much  to 
be  desired.    To  avoid  all  prejudice,  the  present  papers  are  made  to 

*  Proc.  Amer.  Acad.,  xvi.  1. 
VOL.  xvi.  (if.  s.  VIII.)  17 
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depend  entirely  on  the  work  of  previous  observers.  Approximate 
methods  are  depended  upon  throughout,  where  a  rigorous  computation 
would  have  been  employed,  if  the  results  were  to  be  regarded  as  final. 
In  Table  I.  is  given  a  list  of  all  the  known  variable  stars  whose  periods 
are  less  than  three  months.  The  successive  columns  give  a  current 
number,  the  number  in  Schonfeld' 8  Second  Catalogue,*  the  name  of 
the  star,  and  the  class  to  which  it  belongs,  when  this  is  known  with 
certainty.  Then  follow  the  right  ascension  and  declination  for  1880, 
the  period  in  days,  and  the  magnitudes  at  maximum  and  minimum. 
The  data  for  the  southern  stars  which  are  not  given  by  Schonfeld  are 
taken  from  the  Uranometria  Argentina.  The  last  columns  give  the 
name  of  the  discoverer  and  the  year  in  which  the  variability  was 
detected. 


TABLE  I. — Variable  Stabs  or  Short  Periods. 


• 

* 
§ 

d 

Name. 

Cl. 

R.A. 
1880. 

Dec. 
1880. 

"8 

Max. 

Mln. 

Discorerer. 

Year. 

h.     m. 

o      / 

1 

•  • 

—  Cephei 

V 

0  51.7 

+8114 

2.49 

7 

10 

Ceraski 

1880 

2 

17 

&  Pereei 

V 

3    0.4 

--40  30 

2.87 

2.2 

87 

Montanari 

1669 

3 

19 

XTauri 

V 

8  54.0 

--12    9 

8.95 

3.4 

4.2 

Baxendell 

1848 

4 

82 

T  Monocerotis 

IV 

6  18.7 

--7    9 

27.00 

6.2 

7.6 

Gould 

1871 

5 

34 

S  Monocerotis 

•   • 

6  84.4 

--10   0 

3.40 

4.9 

5.4 

Winnecke 

1867 

6 

36 

jf  Geminorum 
U  Monocerotis 

IV 

6  57.0 

-  -20  45 

10.16 

3.7 

4.5 

Schmidt 

1844 

7 

■  • 

•    • 

7  25.1 

—  982 

46.00 

6.0 

7.2 

Gould 

1878 

8 

47 

S  Cancri 

V 

8  87.1 

+19  28 

9.48 

8.2 

9.8 

Hind 

1848 

9 

•  ■ 

N  Velorum 

•   • 

9  27.6 

—56  30 

4.25 

8.4 

4.4 

Gould 

1871 

10 

•  • 

/  Carinas 

•   • 

9  42.0 

—0157 

31.25 

3.7 

5.2 

Gould 

1871 

11 

•  • 

R  Muscae 

•    • 

12  84.8 

—68  46 

0.89 

6.6 

7.4 

Gould 

1871 

12 

66 

W  Virginia 

•   • 

18  19.8 

—  2  46 

1727 

8.7-9.2 

9.8-10.4 

Schonfeld 

1866 

13 

74 

8  Libra 

V 

14  54.6 

—  82 

2.32 

4.9 

6.1 

Schmidt 

1869 

14 

•  • 

rTriang.Aust. 

•  • 

14  58.6 

—6816 

1.00 

7.0 

7.4 

Gould 

1871 

15 

•  • 

R  Triang.  Aust. 

•   • 

16    9.1 

—66    3 

8.40 

6.6 

7.6 

Gould 

1871 

16 

76 

U  Coronas 

V 

16  13.8 

+32    6 

3.45 

7.6 

8.8 

Winnecke 

1869 

17 

96 

u  Herculis 

•   * 

17  12.9 

+38  14 

38.50 

4.6 

6.4 

Schmidt 

1869 

18 

98 

X  Sagittarii 

•  • 

17  40.0 

—27  47 

7.01 

4 

6 

Schmidt 

1866 

19 

99 

W  Sagittarii 

*   • 

17  57.4 

—29  36 

7.59 

5 

6.6 

Schmidt 

1866 

20 

•  • 

—  Sagittarii 

•  • 

18    9.8 

—84    9 

2.42 

6.2 

7.4 

Gould 

1871 

21 

103 

U  Sagittarii 

•  • 

18  24.8 

—19  13 

6.75 

7.0 

8.3 

Schmidt 

1866 

22 

105 

R  Scuti 

•   • 

18  41.1 

—  550 

71.10 

4.7-5.7 

6.0-8.5 

Pigott 

1796 

23 

•  • 

k  Pavonis 

•    • 

18  44.6 

—67  28 

9.10 

4.0 

5.6 

Gould 

1872 

24 

TOO 

&  Lyra 

IV 

18  45.6 

+83  13 

12.91 

3.4 

4.6 

Goodricke 

1784 

25 

107 

R  Lyras 

•   • 

18  51.7 

+43  47 

46.00 

4.8 

4.0 

Baxendell 

1856 

26 

108 

S  Coron.  Aust 

•  • 

18  53.1 

—37    7 

6.20 

9.8 

11.6? 

Schmidt 

1866 

27 

109 

R  Coron.  Aust. 

•   • 

18  58.8 

—87    7 

54.00 

10.6-11.5 

<126 

Schmidt 

1866 

28 

116 

S  Vulpeculas 

•   • 

19  48.5 

+26  69 

67.60 

8.4-8.9 

9.0-9.6 

Hogerson 

1887 

29 

118 

i}  Aquilas 

IV 

19  46.4 

+  0  42 

7.18 

8.6 

4.7 

Pigott 

1784 

80 

122 

R  Sagittas 

•    • 

20    8.6 

+16  22 

70.42 

8.5-8.7 

9.8-10.4 

Baxendell 

1869 

31 

137 

ft  Cephei 

IV 

22  24.7 

+57  48 

5.37 

3.7 

4.9 

Goodricke 

1784 

*  Zweiter  Catalog  von  veranderlichen  Sternen.    Mannheim,  1875. 
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From  this  table  it  appears  that  only  six  stars  of  the  fifth  class  are 
as  yet  known.  Although  the  published  observations  of  some  of  the 
others  are  insufficient  to  determine  the  nature  of  their  variations,  it  is 
probable  that  most  of  them  belong  to  the  fourth  class.  The  first  star 
on  the  list,  which  is  DM.  81°.25,  has  been  designated  as  T  Cephei,*  but 
the  use  of  this  name  has  created  much  confusion.  In  1863,f  Arge- 
lander  announced  the  variability  of  the  star  DM.  55°.2943,  and  this 
star  is  called  T  Cephei  in  Chambers'  Astronomy,  p.  586.  In  1879, 
Ceraskit  announced  that  DM.  67°. 1291  was  variable.  When  cor- 
recting its  position  §  he  called  it  T  Cephei.  This  correction  is  quoted 
in  the  "  Astronomical  Register,"  xviii.  322,  under  the  heading  "  W. 
Ceraski's  new  Variable,"  apparently  confounding  it  with  Ceraski's 
last  discovery,  DM.  81°.25. 

The  most  natural  explanation  of  the  variation  of  a  star  of  short 
period  is  that  it  is  due  to  its  rotation  around  its  axis. 

In  the  Annals  of  the  Harvard  College  Observatory,  xi.  264,  the 
variation  in  light  of  lapetus,  the  outer  satellite  of  Saturn,  is  discussed 
on  this  hypothesis.  It  is  there  shown  that  if  the  axis  of  revolution  is 
perpendicular  to  the  line  of  sight,  the  variation  of  light,  L,  may  be 
approximately  represented  by  the  formula,  L  =  a-\-b&mv-\-c 
cos  r  -|-  rf  sin  2  r  -|-  c  cos  2  r  ;  a  here  denotes  the  mean  light,  v  the 
angle  of  rotation,  b  and  c  are  constants  depending  on  the  comparative 
brilliancy  of  the  two  hemispheres,  each  of  which  is  supposed  to  be  of 
uniform  intensity,  but  one  brighter  than  the  other ;  d  and  e  depend  on 
a  supposed  deviation  of  the  body  from  the  form  of  a  solid  of  revolu- 
tion. This  equation  may  also  be  written  in  the  form  L  =  a  +  tn 
sin  (y  -f-  a)  +  n  sin  (2  v  -\-  /?),  in  which  a  depends  upon  the  angular 
position  of  the  plane  separating  the  two  hemispheres  from  the  line  of 
sight  at  the  epoch  from  which  the  variation  in  light  is  reckoned ;  fi  in 
like  manner  depends  upon  the  positions  in  which  the  body  subtends 
its  largest  and  smallest  discs.  Our  problem  then  is  to  see  how  far 
this  equation  will  represent  the  variation  in  light  of  all  the  stars  of 
the  fourth  class. 

Both  of  these  proposed  causes  of  variation  may  be  criticised  as 
improbable  ;  but  what  could  be  more  improbable  than  the  phenomenon 
itself,  were  it  not  verified  by  observation  ?     With  our  present  knowl- 

•  Science  Observer,  iii.  30,  88, 48.    English  Mechanic  and  World  of  Science, 
xxxii.  297.    Astron.  Nach.  xcix.  87. 
t  Astron.  Nach.,  bri.  281. 
I  Astron.  Nach.,  xciv.  175. 
|  Astron.  Nach.,  xcviii.  239. 
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edge  of  the  constitution  of  the  stars  it  would  seem  extremely  unlikely 
that  certain  of  them  would  lose  half  their  light  at  regular  intervals  of 
from  one  to  twelve  days.  If  it  can  be  shown  that  the  hypothesis  sat- 
isfies the  observed  facts,  it  seems  unreasonable  to  deny  it  until  some 
more  probable  explanation  can  be  offered.  The  difference  in  bright- 
ness of  the  two  sides  of  a  star  may  be  due  to  spots  like  those  of  our 
sun,  to  large  dark  patches,  or  to  a  difference  in  temperature.  In  the 
latter  case,  observations  of  the  distribution  in  light  in  the  spectrum  at 
the  maxima  and  minima  might  show  a  greater  variation  in  the  blue 
than  in  the  red  portions.  If  the  body  had  the  form  of  an  oblate 
ellipsoid  rotating  around  one  of  its  longer  axes,  its  condition  of  equi- 
librium would  be  unstable.  If,  however,  it  was  a  prolate  ellipsoid  it 
would  be  in  stable  equilibrium,  and  if  sufficiently  rigid  might  revolve 
in  this  way  indefinitely.  If,  like  our  sun,  it  was  in  a  fluid  condition, 
we  might  anticipate  a  return  to  the  form  of  a  solid  of  revolution. 
Jacobi  has  however  shown  *  that  a  fluid  ellipsoid  having  three  unequal 
axes  may  be  in  equilibrium  when  revolving  around  its  shortest  axis. 
An  analogous  case  is  found  in  Plateau's  experiment,  where  a  globule  of 
oil  suspended  in  alcohol  and  water  is  made  to  revolve.  With  a  suffi- 
cient velocity  the  globule,  if  slightly  eccentric,  elongates  before  throw- 
ing off  a  satellite.  We  may  also  assume  the  existence  of  two  nuclei, 
or  that  the  two  components  of  a  binary  star  are  so  close  together  that 
both  are  enveloped  in  the  incandescent  gas  or  photosphere. 

Another  equation  of  condition  would  thus  be  furnished  which  might 
serve  to  determine  the  absolute  diameter  of  the  star  in  miles.  Thus 
the  observations  discussed  below  give  the  relative  dimensions  of  two 
of  the  axes,  and  the  condition  that  the  body  shall  be  in  equilibrium 
will  determine  the  relative  length  of  the  axis  of  revolution.  If  the 
star  was  an  ellipsoid  of  revolution  we  could  compute  the  flattening  at 
the  poles  from  the  diameter  and  the  time  of  revolution ;  we  could  also 
compute  the  diameter  if  the  other  two  constants  were  given.  Although 
the  problem  is  more  complex,  evidently  the  same  principle  may  be 
applied  to  an  ellipsoid  with  three  unequal  axes. 

Four  of  these  stars,  £  Geminorum,  ft  Lyrce,  rj  Aquikz,  and  8  Cephei, 
have  been  observed  with  great  care,  so  that  their  variations  are  known 
with  much  precision.  Each  will  therefore  be  discussed  in  turn,  accord- 
ing to  the  following  method.  As  the  variation  is  periodic,  it  will  be 
convenient  to  denote  the  time  by  an  angle,  t>,  such  that  360°  shall  corre- 
spond to  one  period  or  revolution  of  the  star.     We  now  wish  the  light 

•  Poggendorff's  Annalen,  xxxiii.  229 ;  see  also  Journ.  Frank.  Inst.  ex.  217. 
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corresponding  to  v  =  0°,  15°,  30°,  45°,  etc.  The  period  is  divided 
into  twenty-four  equal  parts,  and  the  number  of  grades  corresponding 
to  each  is  taken  from  the  light  curves.  Argelander  and  Schonfeld 
give  the  number  of  grades  for  each  hour,  and  the  number  of  grades 
was  found  from  their  tables  by  interpolation.  Oudemans  represents  his 
results  graphically,  and  the  grades  were  taken  from  his  curves  by 
inspection.  These  curves  were  used  rather  than  the  original  observa- 
tions, in  order  to  reduce  the  accidental  errors.  The  results  are  free 
from  prejudice,  since  they  were  drawn  by  the  observers  themselves  with- 
out regard  to  any  theory.  They  are,  however,  open  to  the  objection 
that  small  systematic  errors  may  be  present  which  are  not  easily 
detected. 

We  must  next  pass  from  grades  to  the  actual  intensities  of  light. 
For  this  purpose  we  cannot  rely  on  an  assumed  value  of  a  grade,  since 
we  have  no  certainty  that  this  will  be  the  same  for  lights  of  different 
intensity.  Accordingly,  the  comparison  stars  used  by  each  observer 
are  compared  with  the  measures  of  Wolff.*  Points  were  constructed 
whose  abscissae  equal  the  assumed  light  of  each  comparison  star  in 
grades,  and  their  ordinates,  the  logarithms  of  the  light  as  measured  by 
Wolff.  A  smooth  curve  was  then  drawn  through  these  points,  and 
served  to  convert  the  grades  into  logarithms.  The  readings  are  only 
made  to  hundredths,  since  one  unit  in  this  place  corresponds  to  one- 
fortieth  of  a  magnitude,  and  all  the  curves  are  uncertain  by  much  more 
than  this  amount.  The  largest  logarithm  is  then  subtracted  from  all 
the  others,  and  the  number  corresponding  to  the  difference  gives  the 
intensity  of  the  light  This  is  multiplied  by  one  hundred,  so  that  the 
results  are  given  in  percentages. 

In  the  equation,  Z  =  a  -|-  m  sin  (r  -f-  «)  +  fi  sin  (2  v  -\-  /?),  a  is 
found  from  the  mean  of  all  the  observed  values  of  L.  The  other  con- 
stants might  be  found  from  a  solution  by  least  squares,  forming  twenty- 
four  equations  of  condition  with  the  twenty-four  deduced  values  of  L. 
Sufficient  accuracy  is,  however,  obtained  by  approximate  graphical 
methods.  By  adding  together  the  values  of  Z,  corresponding  to  values 
of  v  differing  180°,  we  eliminate  the  term  m  sin  (y  -|-  a).  Their  dif- 
ferences, in  like  manner,  eliminate  n  sin  (2  v  -{-  /3).  Each  then  may 
thus  be  found  independently  of  the  others. 

(  Geminorum.    In  1848,  Argelander  gave  a  light  curve  of  this  star.f 


•  Photometrische  Beobachtungen  an  Fixsternen,  Leipzig,  1877. 
t  Astron.  Nach.,  xxviii.  83. 


262 


PROCEEDINGS  OF  THE  AMERICAN  ACADEMY 


Table  II.  gives  the  data  for  converting  the  grades  into  light  ratios  by 
means  of  the  comparison  stars.  The  successive  columns  give  the  name 
of  the  star,  its  light  in  logarithms  as  measured  by  Wolff,  its  light 
in  grades  assumed  by  Argelander,  the  corresponding  ordinate  of  the 
curve,  and  the  second  column  minus  the  fourth,  or  the  assumed  errors. 


TABLE  II.  —  Comparison  Stars  fob  f  Geminorum. 


Name. 

Wolff. 

Grades. 

Carre. 

W—  C 

|  Geminorum  .... 
9  Geminorum  .... 
A  Geminorum  .... 
t  Geminorum  .... 
u  Geminorum  .... 
v  Geminorum  .... 

8.81 
8.78 
8.68 
8.66 
8.68 
8.66 

9.9 
8.8 
8.0 
6.0 
83 
2.0 

8.81 
8.74 
8.70 
8.64 
8.68 
8.66 

.00 

—.01 

—.02 

+.02 

.00 

.00 

The  curve  here  agrees  very  well  with  the  measurements,  but  its 
inclination  is  much  greater  for  the  brighter  than  for  the  fainter  stars. 
In  other  words,  a  grade  represents  a  much  larger  difference  in  magni- 
tude when  the  star  is  bright  than  when  faint  The  change  is,  however, 
slight  between  the  limits  within  which  the  curve  is  used. 

Table  III.  gives  a  comparison  of  the  light  curve  with  theory.  The 
successive  columns  give  the  angle  v,  the  corresponding  time  from  the 
minimum,  and  the  observed  light  in  grades,  in  logarithms,  and  in 
percentages.  The  next  column  gives  the  light  computed  by  the 
formula,  L  =  89.6  -|- 10.0  sin  v ;  this  is  followed  by  the  residuals  found 
by  subtracting  the  computed  from  the  observed  brightness.  As  they 
show  a  perceptible  systematic  error,  two  more  columns  are  given 
corresponding  to  the  formula  L  =  89.6  -|-  10.2  sin  (v  —  1 1°.3).  This 
gives  an  entirely  satisfactory  agreement  with  observation,  the  average 
deviation  amounting  to  less  than  one  per  cent.  It  cannot  be  reduced 
directly  to  magnitudes,  since,  when  the  light  equals  100,  one  per  cent 
equals  .011  magnitudes,  when  80,  .014  magnitudes,  and  when  50,  .022 
magnitudes.  The  average  deviation  is  accordingly  only  about  one  hun- 
dredth of  a  magnitude.  Since  two  smooth  curves  are  compared,  the 
small  irregular  variations  in  the  residuals  are  principally  due  to  the 
neglected  thousandths  in  the  logarithm  of  the  light  They  are,  how- 
ever, probably  far  less  than  the  real  errors  of  the  curves.  The  mean 
of  the  residuals  is  given  in  the  last  line  of  the  table. 
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TABLE  HI  —  V.BIATIOK   IK  LlOBT  OF   (  GbMIHOBBM, 


V. 

T,raB. 

0, 

Log. 

n. 

CO.P. 

O—C 

Camp. 

O—c 

0 

I'l 

0.0 

M 

8.68 

79 

80 

-^ 

79 

0 

16 

11 

10.2 

79 

B0 

80 

—1 

30 

0 

20.8 

4.1 

8.59 

81 

81 

0 

82 

ib 

1 

6.6 

4.7 

8.61 

86 

+3 

84 

+1 

60 

1S.S 

6.2 

87 

86 

-2 

86 

+1 

75 

3 

2.8 

5.7 

8.63 

89 

87 

-S 

89 

0 

00 

2 

12.9 

6.1 

8.64 

SI 

90 

92 

—1 

105 

2 

23.0 

6.6 

8.65 

92 

94 

—1 

120 

9.2 

8.9 

8.86 

96 

96 

98 

0 

136 

a 

19.4 

7.2 

8.67 

D7 

98 

0 

150 

4 

6.E 

7.S 

8.67 

98 

98 

100 

—2 

166 

4 

is; 

7.4 

100 

96 

+1 

100 

0 

1B0 

6 

1.8 

7.4 

8.68 

100 

100 

100 

0 

105 

6 

12.0 

7.8 

8.67 

90 

99 

—1 

210 

6 

22.3 

7.1 

8.67 

98 

98 

0 

225 

fl 

8.8 

6.B 

8.68 

96 

97 

98 

0 

240 

B 

18.S 

6.4 

8.05 

93 

96 

98 

0 

266 

7 

4.0 

6.0 

8.64 

91 

92 

90 

t\ 

270 

7 

14.8 

6.6 

6.68 

80 

90 

285 

S 

0.0 

6.0 

8.61 

86 

87 

86 

0 

BOO 

6 

111 

4.6 

83 

86 

0 

815 

8 

21.8 

10 

8.59 

81 

82 

81 

0 

330 

a 

T.4 

8.7 

850 

81 

81 

80 

+1 

M6 

9 

L7.fi 

as 

8.58 

79 

80 

-1 

79 

0 

Mean  .  . 

±1.1 

±0.6 

There  seems  to  be  no  evidence  of  the  term  n  sin  (2  v  -\-  p) ;  in  other 
words,  the  star  appears  to  be  a  surface  of  revolution,  one  aide  being 
about  four-fifths  of  the  brightness  of  the  other.  It  is  also  possible 
that  the  star  may  be  elongated  with  axes  in  the  ratio  of  four  to  five, 
but  of  equal  brightness  on  all  sides,  and  that  its  time  of  revolution 
is  20.82  days,  or  double  the  period  commonly  given.  In  this  case 
there  may  be  a  slight  difference  in  brightness  at  the  alternate  maxima 
or  minima  which  has  hitherto  escaped  detection,  because  not  antici- 
pated. From  the  second  formula  we  may  infer  that  the  true  maxi- 
mum and  minimum  precede  that  adopted  by  Argelander,  by  the  angular 
amount  of  11.3°,  or  7.6  hours.  As  this  would  only  affect  the  light 
curve  by  about  a  fiftieth  of  a  magnitude,  it  might  readily  escape  detec- 
tion. It  will  be  noticed  that  in  this  case  the  interval  from  maximum 
to  minimum  is  equal  to  that  from  minimum  to  maximum,  instead  of,  as 
it  generally  the  case,  exceeding  it.  A  more  direct  determination  of 
the  correction  to  the  minimum  may  be  found  from  the  light  curve,  by 
comparing  the  times  at  which  the  light  is  equal. 

In  Table  IV.  are  given  the  light  in  grades,  the  corresponding  time* 
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taken  from  the  light  curves,  and  the  time  of  the  minimum,  assuming 
that  it  lies  midway  between  them.  This  last  column  is  found  by  add- 
ing to  the  second  column  10*  3.7*,  or  the  period  of  the  star ;  add- 
ing to  this  the  third  column,  and  dividing  the  result  by  two ;  finally 
subtracting  the  quotient  from  the  period,  10*  3.7*.  The  mean  of 
this  value,  or  7.4,  agrees  closely  with  that  given  above. 

TABLE  IV.  — Minimum  of  (  Geminoeum. 


Gr. 

Increasing. 

Decreasing. 

Mean. 

4.0 
6.0 
6.0 
7.0 

d.       k. 

0  18.6 

1  12.0 

2  9.6 
8    18.6 

d.      h. 
8    22.0 
8      0.5 
7      4.6 
6      2.0 

A. 
—6.6 
—7.6 
—6.9 
—9.6 

P  Lyra.  Light  curves  of  this  star  were  given  by  Argelander  in 
1842,  Astron.  Nach.,  zix.  397,  and  in  1844,  De  Stella  fi  Lyrae  variabili 
disquisitio.  In  1  §5 9  he  gave  a  more  complete  discussion  of  the  problem.* 
He  divided  his  previous  observations  into  three  periods,  and  derived  a 
curve  from  each ;  concluding  that  they  differed  from  each  other  only 
by  their  accidental  errors,  he  gave  a  curve  representing  the  entire 
series. 

Oudemans  f  gives  a  light  curve  from  his  observations,  reduced  to  the 
same  system  as  that  given  in  Argelander's  second  publication.  This 
differs  so  little  from  the  last  system  of  Argelander  that  the  same  curve, 
for  reduction  to  logarithms,  has  been  used  for  both.  In  no  case,  within 
the  limits  used,  would  the  difference  of  the  logarithms  exceed  one  or 
two  hundredths. 

In  1870,  Schonfeld  gave  another  curve,  Astron.  Nach.,  lxxv.  1. 
His  grades  represent  a  smaller  variation  in  the  light  than  Argelander's, 
and,  like  the  latter,  a  grade  is  larger  for  the  brighter  stars  than  for  the 
fainter,  as  in  the  case  of  £  Geminorum.  The  relation  of  the  grades  to 
the  logarithms  of  the  light  is  shown  in  Table  V.  The  columns  have 
the  same  meaning  as  in  Table  II.,  except  that  three  additional  columns 
are  given  for  the  comparisons  of  Schonfeld. 


*  De  Stella  /3  Lyre  variabili  commentatio  altera. 

t  Zweijaehrige  Beobachtungen  der  meisten  jetzt  bekannten  veraenderlichen 
Sterne.  Verhand.  Akad.    Amsterdam,  1866. 


OF  ARTS  AND  SCIENCES. 


265 


TABLE  V. — Comfabibox  Stabs  fob  £  Ltilb. 


Num. 

1                 Axgel&nder. 

Sohbnfeld. 

Wolff. 

QnOm. 

dure. 

W—C 

OzmdM. 

CUTTO. 

w—c 

•yLywe      .    . 
fi  Herculis 
(  Herculis 
o  Herculis     . 
c  Lyras     .    . 
C LynB     .    . 
ic  Lyra     .    . 

8.89 
a79 
8.70 
8.69 
[8.77] 
8.56 
8.56 

12.7 

10.8 
7.6 
4.9 
8.4 
2.6 

8.87 

8.76 
8.69 
8.60 
8.56 
8.56 

+.02 

—.06 
.00 

.00 
+.01 

15.0 
18.0 
10.8 
7.8 
4.2 
2.9 
1.6 

8.88 
8.80 
8.71 
8.65 
8.58 
8.56 
8.56 

+.01 
—.01 
—.01 

+.04 

.00 

+.01 

The  estimate  of  €  Lyrce  has  not  been  included  in  drawing  these 
corves.  As  the  observations  were  made  with  the  naked  eye,  in  some 
cases  aided  by  an  opera-glass,  c  and  5  Lyrm  were  treated  as  a  single 
star.  Wolff  gives  the  logarithms  of  their  light  as  8.50  and  8.45. 
Their  combined  light  would  therefore  equal  8.77,  or  nearly  half  a 
magnitude  brighter  than  would  be  inferred  from  the  estimate  in 
grades,  using  the  curves  derived  from  the  other  stars.  This  may  also 
be  expressed  by  the  statement  that,  together,  they  appear  only  a 
quarter  of  a  magnitude  brighter  than  either  would  alone,  while  a  star 
of  their  combined  brightness  should  appear  about  three  quarters  of  a 
magnitude  brighter  than  the  separate  components.  It  is  possible  that 
their  proximity  affected  their  measures  by  Wolff,  but  this  seems  less 
probable  since  they  would  be  readily  separated  by  the  telescope  of  a 
Zoilner  photometer.  Evidently,  c  Lyra  should  not  be  used  hereafter 
as  a  comparison  star  for  this  variable. 

Table  VI.,  like  Table  III.,  serves  to  compare  the  observations  with 
theory.  The  first  column  gives  the  angle ;  the  second,  the  correspond- 
ing time.  Three  sets  of  three  columns  each  give  the  light  in  grades, 
in  logarithms,  and  in  percentages,  for  Argelander,  Oudemans,  and 
Schonfeld.  Although  the  observations  are  not  of  equal  value,  it  would 
be  difficult  to  decide  what  weight  should  be  given  to  each,  and  espe- 
cially, to  decide  how  large  are  the  systematic  errors  to  which  each  is  sub- 
ject. This  last  quantity  should  determine  the  weight,  since  the  accidental 
errors  are  in  a  great  measure  eliminated  by  the  smoothness  of  the  light 
curves.  Their  mean,  which  is  given  in  the  next  column,  will  accord- 
ingly be  employed.  The  excess  of  the  curve  of  each  observer  over 
the  mean  is  given  in  the  next  three  columns.  An  examination  of  the 
mean  curve  shows  that  it  has  two  equal  maxima  symmetrically  situated 
on  each  side  of  the  point  where  v  =  180°.  The  curve  must  there- 
fore have  the  form  L  =  a  -f-  m  sin  (v  —  90°)  +  n  sin  (2  v  —  90°). 
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The  mean  value  of  L  or  a  is  81.1.  When  t>  =  0°,  L  =  a  —  m  —  n\ 
when  v  =  180°,  L  =  a  -\-  m  —  « ;  t>  =  90°  or  270°,  gives  L  =  a 
~\-m  —  n.  Wore  there  no  accidental  errors,  either  two  of  these  three 
equations  would  determine  m  and  n.  After  various  trials  the  equation 
L  =  81.1  +  4.1  sin  (t>  —  90°)  +  20.0  sin  (2  «  —  90°)  was  found 
to  give  the  most  satisfactory  results.  The  brightness  computed  by 
this  formula,  and  the  residuals  found  by  subtracting  them  from  the 
mean  of  the  observed  values,  are  given  in  the  last  two  columns. 

TABLE  VI.  — Variation  is  Lioht  or  0  I.ir.e. 


0. 

,„. 

v„.;,..l.:-. 

■'..I.:,.  ■- 
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| 

^ 

"i 

s 

Us 

-S 
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^1 

—8 
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-V 
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76 

84 

I  J.! 

*■', 
7- 

« 

" 

: 

■  J 

-  s 
-a 

! 

-: 

Br. 

W 

Oh. 

Or. 

I** 

8  ST 
8.80 

i.B 

-  -.-, 
881 

8.76 
S.7S 
ATI 
8.70 

S'.W 

li.'sii 

8.70 
8.M 

n. 

Or. 

Log. 

Obi 

1 

8 
r. 

I".", 
h." 

lafi 

i-.ii 

166 

[.., 

:\'> 
:  ■'.-■ 
MO 

:'.-..-, 
-.'■' 

:■:.:.; 

HI.". 

6  04 
01SJ 
1    1.8 

1  *.« 

us  a 

8  5.B 
8 18  A 

4  7.8 
430.3 
t  9.\ 

U-£i.'< 
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These  residuals  are  much  larger  than  in  the  case  of  £  Geminonim ; 
but  this  is  to  be  expected,  since  the  variations  in  light  are  greater. 
Evidently,  if  the  changeB  were  small,  any  two  smooth  curves  would 
agree  closely.  Their  average  value  amounts  to  about  .04  of  a  magni- 
tude, and  their  greatest  value  does  not  exceed  the  greatest  difference 
of  each  of  the  observed  curves  from  the  others.  The  greatest  errors 
of  observation  are  those  of  the  light  of  the  comparison  stars.  The 
residuals  near  the  principal  minimum  may  be  greatly  reduced  if  the 
fainter  comparison  stars  are  assumed  too  faint,  with  a  corresponding 
change  in  the  value  of  the  fainter  grades.  The  rejection  of  t  Lyra  in 
Table  V.,  while  its  effect  on  Table  VI.  cannot  be  eliminated,  may 
account  for  this  apparent  error.     An  increase  in  the  logarithm  of  the 
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light  by  about  .01  for  grades  11  to  12  would  reduce  the  residuals  cor- 
responding to  v  =  45°,  60°,  210°,  225°,  300°,  and  315°.  The  residu- 
als for  v  =  120°  and  135°  would,  however,  be  increased.  These 
changes  are  not  to  be  recommended  unless  indicated  by  future  photo- 
metric measures  of  the  comparison  stars. 

rjAquila.  Argelander  gave  a  light  curve  of  this  star  in  1842, 
Astron.  Nach.,  xix.  399,  based  upon  174  observations  taken  by  him- 
self and  by  Heis.  In  1857,  he  gave  a  second  curve  dependent  on  411 
of  his  own  observations,  Astron.  Nach.,  xlv.  97.  In  Table  VII. 
the  light  of  the  comparison  stars  are  given  in  grades  and  in  logarithms, 
according  to  Wolff.  The  columns  have  the  same  meaning  as  in  Table 
Y.  As  v  Aquila  was  not  observed  by  M.  Wolff,  it  is  unavoidably 
excluded  from  the  comparison. 


TABLE  VII. — Comparison  Stars  for  h  Aquiub. 


Num. 

Wolff 

Grade*. 

Cure. 

w—  c 

Grade*. 

dure. 

w—c 

ft  AquilflB    .     . 
3  AquilflB    .    . 
c  Aquilae    .    . 
i  Aquilas    .    . 
fi  AquilflB    .    . 
r  AquilflB    .     . 

8.85 
8.74 
8.63 
8.57 
8.43 
.  •  • 

18.3 

8.0 

6.0 

8.0 

—1.4 

—2.4 

8.85 
8.72 
8.66 
8.57 
8.43 

•  •  • 

.00 

+.02 

—.08 

.00 

.00 

•  • 

12.9 

8.1 

6.1 

8.0 

-0.6 

—1.8 

8.86 
8.71 
8.64 
8.55 
8.44 
... 

ooooo   • 

•         •          •         •         • 

+  I-H-I 

The  first  seven  columns  of  Table  VIII.  have  the  same  meaning  as 
in  Table  III.  and  give  the  values  of  r,  of  the  time,  of  the  light  in 
grades,  in  logarithms,  and  in  percentages,  a  computed  value,  and  the 
residuals  from  this,  or  the  fifth  column  minus  the  sixth.  The  compu- 
tation is  effected  by  the  formula  L  =  73.6  +  20.0  sin  (v  —  60°)  + 
6.0  sin  (2v  —  120°).  The  last  four  columns  give  the  light  in  grades, 
logarithms,  and  percentages,  and  the  residuals  according  to  the  second 
curve  of  Argelander.  The  same  theoretical  formula  is  used  in  this 
case,  adding  1  so  that  the  positive  and  negative  residuals  shall  be 
nearly  equal.  The  light  in  this  case,  U  =  L  +  1  =  74.6  +  20.0 
sin  (v  —  60°)  +  6.0  sin  (2  v  —  120°). 

8  Cephei.  Argelander  has  given  a  light  curve  of  this  star  in  the 
Astron.  Nach.,  xix.  395.  Curves  are  also  given  by  Oudemans  in  the 
paper  cited  above,  and  by  Schonfeld  in  Astron.  Nach.,  Ixxv.  14. 
The  relation  of  grades  to  logarithms  is  given  in  Table  IX.,  for  Arge- 
lander and  Schonfeld.  Oudemans  has  already  reduced  his  scale  to  that 
of  Argelander.    Unfortunately,  Wolff  only  measured  those  of  the  five 
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;TABLE  Vm.  —  Variation  nr 

Light  of  jj 

Aquiljc. 

V. 

Time. 

Gr. 

Log. 

Ob*. 

Gomp. 
61 

o—c 

Gr. 

Log- 

Ofat. 

O—C 

o 

0 

0 

k. 
0.0 

1.2 

8.51 

50 

—1 

2.1 

8.52 

64 

+2 

15 

0 

7.2 

1.7 

8.68 

52 

64 

—2 

2.4 

8.53 

55 

0 

80 

0 

14.4 

3.2 

8.57 

58 

68 

0 

8.5 

8.66 

59 

0 

45 

0 

21.5 

4.8 

8.63 

66 

65 

+1 

4.8 

8.60 

65 

—1 

60 

1 

4.7 

6.8 

8.67 

72 

74 

—2 

6.2 

8.65 

72 

—3 

76 

1 

11.9 

8.1 

8.72 

81 

82 

—1 

7.8 

8.70 

81 

—2 

90 

ll 

19.1 

9.6 

8.76 

89 

89 

0 

9.5 

8.75 

91 

f-1 

105 

2 

2.3 

10.9 

8.79 

96 

94 

s 

10.6 

8.78 

98 

-3 

120 

2 

9.4 

11.4 

8.81 

100 

96 

10.9 

8.79 

100 

-3 

135 

2 

16.6 

10.9 

8.79 

96 

96 

0 

10.6 

8.78 

98 

-1 

150 

2 

28.8 

10.1 

8.77 

91 

94 

—8 

9.8 

8.76 

93 

—2 

165 

3 

7.0 

9.2 

8.76 

87 

90 

—8 

9.0 

8.74 

89 

—2 

180 

8 

14.2 

8.6 

8.74 

85 

86 

—1 

8.2 

8.71 

83 

—4 

195 

8 

21.3 

8.0 

8.72 

81 

82 

—1 

8.0 

8.70 

81 

—2 

210 

4 

4.5 

7.6 

8.71 

79 

78 

f-1 

7.8 

8.70 

81 

+2 

225 

4 

11.7 

7.2 

8.70 

78 

76 

-2 

7.2 

8.68 

78 

+1 

240 

4 

18.9 

6.8 

8.69 

76 

74 

-2 

6.6 

8.66 

74 

255 

5 

2.0 

6.4 

8.67 

72 

71 

-1 

6.0 

8.64 

71 

— 1 

270 

5 

9.2 

6.8 

8.66 

69 

69 

0 

6.4 

8.62 

68 

—2 

285 

5 

16.4 

4.7 

8.62 

65 

66 

—1 

4.9 

8.61 

66 

— 1 

800 

5 

23.8 

8.7 

869 

60 

62 

—2 

4.2 

8.58 

62 

— 1 

815 

6 

6.7 

2.9 

8.66 

66 

57 

—1 

3.6 

8.67 

60 

«■ 

880 

6 

18.9 

2.1 

8.64 

64 

54 

0 

8.0 

8.65 

68 

845 

6 

21.1 

1.6 

8.52 

51 

51 

0 

2.4 

8.68 

55 

+3 

Mean 

•        • 

±1.3 

±1.8 

comparison  stars  of  8  Cephei,  and  the  logarithms  of  two  of  these  he 
found  differed  by  only  one  hundredth  of  a  unit.  Accordingly,  we  can 
do  no  better  than  to  draw  a  straight  line  nearly  through  the  points 
designated  by  these  stars,  or  assume  that  the  value  of  a  grade  is 
constant.  The  columns  of  Table  IX.  have  the  same  meaning  as  the 
corresponding  columns  of  the  previous  similar  tables. 

TABLE  IX.  —  Comparison  Stars  fob  8  Cephei. 


Name. 

Wolff. 

Grade*. 

Carre. 

W—C 

Grades. 

Curre. 

W—C 

£  Cephei  .    . 

8.84 

11.4 

8.84 

.00 

12.4 

8.86 

—.02 

i  Cephei  .    . 

8.88 

10.8 

8.82 

+.01 

10.9 

8.82 

+.01 

7  Laeertee 

•  •  • 

7.1 

•  •  • 

•  • 

6.6 

• 

•  • 

(  Cephei  .    . 

•  •  • 

3.0 

•  •  • 

•  • 

•   •  * 

•  • 

•  • 

«  Cephei  .    . 

8.53 

2.0 

8.68 

.00 

1.9 

8.68 

00 

Table  X.  compares  the  various  light  curves  with  theory.  The 
columns  have  the  same  meaning  as  those  of  Table  V.  The  theoretical 
values  are  computed  by  the  formula,  L  =  72.1  +  20.0  sin  (v  —  45°) 
+  7.0  sin  (2  v  —  120°) 
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TABLE  X.  —  Vabiatiok  in  Light  os>  !  Cbmui. 


Argelioilfr. 

H.l,.,,^ 

S 

* 

34 

B 

- 

SIM, 

Oe- 

lo* 

Ota. 

„,. 

Log. 

«. 

*, 

let. 

0» 

^ 

E 

11 

■-.  ■ 
m 
,,, 

;,-. 
]'■-. 

if/. 

l.Vi 

li.'. 
1» 

::l  ■ 
:-:-. 

->"' 
''-■■ 
;>" 
:■.!.-. 

no 

SIC 

0  1 
D1C 

Oil 

1  I 
1  li 

3  I 
Sit 

ax 

8    i 

a  i 

in 

4  f 

4  " 

B    8 

-. 
: 

i 
- 

! 

IS 

80 

S3 

10.7 

lul 
0.0 

BJ 

:■'■■ 

ti 

ji.4 

B 
B 
1 

1 

1 
1 
t 

I 
f 

- 

f 

1 
1 

M 

10 

> 

IS 

to 

78 

[« 
IX 

K 

58 

K 
K 

SB 

r-j 

!<! 
K.H1 

i«i 

B 

Sf, 
*i 
M 

n 

fi 

w 
iV; 
itn 
ft! 
r,«i 
IS 
K 

M 
U 
BJ 
U 

io!s 
ii  i 

t„"u 

si 

t.e 
<u 

u 

U 

BJtS 

S.ST 

H.« 

a.n 

alSS 
8.6* 

4*1 

BJL 
B.TB 

■  ", 
-?: 
S.SB 

a« 
a.es 

-'!.. 

BBS 

SJiB 
888 
US 

GO 

■a 

V- 

u 

s; 
-! 
Tl 

ILH 
IS 
Ifi 

SB 
Co 

80 
3.1 

3.o 

Q 

10J> 

10.0 
0.S 

s'o 
|3 

i.il; 
M 
S.l 

8.9 

8.1 

8.08 
BAT 

Ui' 

:-i.7i-. 
B.TS 

8.71 
B.T8 
8  71 
8.72 

871 

•i.W 
8*7 
8,0& 

siea 

808 
8.68 

BfiT 

SB 

M 
40 

88 

87 

88 

«1 

71 

<;* 

*:" 

81 
SO 

so 

sa 

f,i 

s; 

88 

100 

so 

V 
5 

6B 

SB 

ST 

— 1 
— 1 
— 1 

-1 

—a 

-l 

-::. 

--a 

-i 
.  | 

— 1 

a 
| 

^s 

6 
-  B 

—8 

-1 

--8 

+1 

-  a 

-  z 

-i 
--1 

i 
- 1 

■  a 
-l 

77 

3 

w 

SB 

01 

B8 

Jfl 

.'ii 
87 
M 

SB 

tj 
-8 
— S 

1; 

■■; 

■  u 

-  ■: 
-s 

■  ^ 
I 

Men    .    . 

UU 

«« 

K>... 

■■•- 

These  residuals  are  not  large,  considering  the  differences  between  the 
different  observed  values.  There  is,  however,  a  curious  alternation 
of  the  positive  and  negative  signs.  As  a  similar  alternation  appears 
in  some  of  the  other  residuals,  it  is  important  to  compare  them  to  see 
if  they  can  be  shown  to  follow  any  law.  There  appear  to  be  three 
maxima  and  three  minima,  or  the  variation  repeats  itself  at  intervals  of 
about  120°.  We  should  then  exaggerate  this  effect  by  adding  each 
set  of  the  three  residuals  differing  by  120°  ;  that  ia,  the  residuals  cor- 
responding to  0°,  120°,  and  240°,  to  15°,  135°,  and  255°,  etc  This 
is  done  in  Table  XI.,  in  which  the  first  value  of  v,  in  each  get,  is 
given  in  the  first  column,  and  the  sums  of  the  three  residuals  for 
the  four  stars  are  given  in  the  second,  third,  seventh,  and  eleventh 
columns.  The  residuals  of  £  Geminorum  are  so  small  that  we  should 
expect  no  evidence  of  systematic  error.  In  the  other  three  cases 
marked  variations  are  shown.  In  each  case  there  are  only  two 
changes  of  sign,  while  there  should  be  on  the  average  four  if  the  vari- 
ations were  accidental.  The  residuals  of  /?  Lyra  are  well  represented 
by  subtracting  from  the  computed  value  3  cos  S  v.  The  residuals 
which  tben  remain  are  given  in  columns  four,  five,  and  six.  Their 
average  value  is  1.6  instead  of  2.8,  or  they  have  been  reduced  nearly 
one  half.    The  residuals  of  jjAguilm,  in  like  manner,  leave  1.1  instead 
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of  1.8,  by  subtracting  the  term  3  sin  (3  v  —  45°) .     Those  of  S  Cephn 
become  1.4  instead  of  2.8,  if  we  subtract  4  sin  3  v. 


TABLE  XL— Tumi 


tl. 

! 

Bl** 

,A,nlta. 

:■  Cental.      - 

Sun. 

Bwiaiuif. 

w 

Bwiiuiu. 

Snm. 

Re*  Initial*. 

6 
u 

Mil 

\:> 
liii 
75 
M 

H.M 

0 
0 

0 

—a 

1 

—4         0     4-4 

0        0—2 
+2     — 1         0 

0  0         0 

1  tl     +2 
_1    +Q    —5 

+6 
0 

—1 

—  K 

—2 

t? 

0+1—3 

0    +1    -1 

+2        0        0 

5  S  ±! 

—3    —2    +2 

-1        0    +1 

0+2        0 

+  8 
—  7 
—11 
—11 

ii 

+4  —1  0 
+4    -3    +1 

0  —1  +2 
-2  -1  4-1 
—3+1  0 
—1    —1    —1 

0—1  0 
+1     -2     +3 

Mean.    . 

±IA 

±1.1 

±1-4 

No  natural  explanation  can  be  offered  for  such  terms,  and  the 
reduction  might  be  thought  accidental  did  it  not  occur  in  so  many 
different  curves.  A  careful  distinction  must  be  made  between  these 
terms  and  those  which  might  be  assumed  empirically,  since  their  form 
is  clearly  pointed  out  by  the  residuals.  If  we  tried  to  represent  the 
residuals  by  a  function  of  4  v,  we  should  soon  see  that  the  effect  was 
wholly  different,  nor  would  any  values  of  the  arbitrary  constants  in 
this  case  materially  reduce  the  residuals. 

Neglecting  these  last  terms,  as  their  reality  may  be  questioned,  we 
may  write  the  equations  of  the  four  stars  under  each  other  thus :  — 

I  Geminorum,  £  =  89.6  + 10.2  sin  (y  —  1 1.3°) 

0Lyne,  £=81.1+    4.1  sin  (»  —  90°)  +  20.0sin  (2 1>—   90°) 

J,  Aquilas,  £  =  74.6  +  20.0  sin  («  —  60°)  +  6.0  sin  (2  v  — 120°) 
SCephei,  £  =  72.1  +20.0  sin  (»  —  45°)  +   7.0sin(2e— 120°) 

To  compare  them,  it  will  be  convenient  to  make  the  mean  bright- 
ness equal  to  unity  in  all  cases,  or  to  divide  by  a  the  equation  £=  a 

+  ra  sin  (d  +  a)  +  n  sin  (2  v  •  \  -  (I) .  Instead  of  making  v  =  0, 
when  tbe  light  is  a  minimum,  it  will  also  be  better  to  take  as  the  start- 
ing-point the  position  in  which  the  shorter  axis  of  the  star  is  turned 
towards  the  observer.  If  »/  =  v  +  y,  we  may  write  £'  =  1  +  m' 
sin  (i/  ■  |  «')  +  n1  cos  2 1/.  Tbe  various  values  of  these  constants 
are  given  in  Table  XII.,  which  contains  in  successive  columns  the  name 
of  the  star,  the  value  of  y,  of  a',  of  m',  and  of  n'.  Independently  of 
the  form  of  the  star,  its  light  would  vary,  owing  to  the  unequal  bright- 
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ness  of  the  two  sides  from  1  -|-  mf  to  1  —  mf.    The  brightness  of  the 

darker  side  would  therefore  equal      ,     /  times  that  of  the  brighter. 

In  like  manner,  if  the  surface  was  uniformly  bright,  the  variation  in 
area  of  the  disk,  or  the  length  of  the  shorter  axis  in  terms  of  the 

longer,  would  be      ,     , .     These  quantities  are  given  in  the  sixth  and 

seventh  columns.  The  last  two  columns  give  the  average  residuals  in 
percentages  before  and  after  applying  the  terms  which  are  functions 
of  3t\ 

TABLE  XII.  —  Comparison  of  Light  Cubtbs. 


Kama. 

y 

a' 

m' 

»' 

1—  m' 
1  +  m' 

1  —  n' 
!  +  »' 

At. 

Redd. 

At. 

Redd. 

(  Geminomm 
3  Lyra .    .    . 
if  Aqailee  .    . 
i  Cepbei   .    . 

—  11?8 

—  90.0 
—106.0 
—106.0 

o 

•   • 

0 
+45 
+60 

kH4 
-.051 
-.268 
-.277 

h-247 
-.080 
-.097 

0.80 
0.90 
0.68 
0.67 

0.60 
0.85 
0.82 

0.5 
28 
1.8 
2.8 

•  • 

1.6 
1.1 

u 

1  ___  __' 

From  the  column  =—. — ,  we  see  that  in  every  case  the  darker  side 

1  +  m'  J 

is  more  than  half  as  bright  as  the  other,  and  that  the  difference  in  the 
case  of  fi  Lyra  amounts  only  to  ten  per  cent.  In  other  words,  if  this 
effect  is  due  to  spots,  we  must  conclude  that  they  cover  only  one-tenth 
of  the  hemisphere  in  the  case  of  fi  Lyra,  and  about  two-fifths  in  the 
cases  of  rj  Aquila  and  8  Cephei.  The  next  column  also  shows  that 
ft  Lyra  is  much  elongated,  the  ratio  of  its  axes  being  as  five  to  three, 
while  the  two  stars  following  have  this  ratio  about  as  six  to  five. 

The  dark  portion  of  fi  Lyra  is  at  one  of  the  ends,  since  of  =  0°  for 
this  star ;  it  appears  also  to  be  symmetrically  situated  as  regards  the 
longer  axis.  The  dark  portions,  both  of  rj  Aquiia  and  of  8  Cephei,  are 
placed  somewhat  preceding  an  end,  that  is,  they  are  turned  towards 
the  observer  before  the  end  has  been  directed  to  him.  For  this  reason 
the  time  from  minimum  to  maximum  is  greater  than  that  from  maxi- 
mum to  minimum.  This  is  probably  a  general  law  of  stars  of  this 
class,  as  it  has  been  noticed  in  several  other  instances. 

One  source  of  systematic  error  has  been  disregarded  in  the  above 
comparison  of  observation  with  theory.  In  the  value  of  U  the  term 
mf  sin  (t/  +-  a')  may  be  regarded  as  the  measure  of  the  effect  of  the 
difference  in  brightness  of  the  two  sides,  and  nf  cos  2 1/  as  due  to  the 
form  of  the  body.  Their  combined  effect,  however,  would  not  strictly 
equal  their  sum,  but  would  be  found  by  adding  each  to  unity  and 
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taking  the  products  of  these  sums.  The  actual  light  would  equal 
(1  +  m'  sin  (t/  +  a'))  (1  +  n'  cos  2 «/)  =  1  +  m'  sin  (t/  +  a) 
+  n'  cos  2 1/  -|-  mV  sin  (t/  -}-  a)  co*  2  tr7.  The  value  of  U  given 
above  is  then  subject  to  the  systematic  error  of  m'nf  sin  (t/  -[-  a)  cos  2 1/. 
The  maximum  value  of  this  would  equal  m'n',  and  it  would  generally 
be  much  less.  The  maximum  value  for  ft  Lyra  would  be  about  1  per 
cent ;  for  tj  Aquilce,  2 ;  and  for  8  Gephei,  2.6  per  cent  If  the  star 
underwent  much  greater  change  of  light,  it  might  be  necessary  to  take 
this  term  into  account ;  but  in  the  present  case  it  does  not  seem  to 
sensibly  affect  the  average  value  of  the  residuals. 

Various  attempts  have  been  made  to  determine  the  light  curve  of 
ft  Lyra  photometrically.  The  observations  of  Zollner  and  Wolff  are 
reduced  according  to  the  same  method  in  the  photometric  work  of  the 
latter,  p.  110.  The  accuracy  of  the  results  does  not  make  this  a 
promising  method  of  determining  the  light  curve,  unless  the  number 
of  observations  is  greatly  increased.  The  maxima  and  minima  were 
also  determined  at  the  Harvard  College  Observatory.*  Calling  the 
light  at  either  maximum  100,  that  at  the  two  minima  would  be  55.8 
and  64.7,  which  agrees  very  closely  with  that  given  by  computation, 
if  we  neglect  the  term  3  sin  3  v. 

One  great  advantage  of  the  study  of  the  stars  by  physical  instru- 
ments, such  as  the  spectroscope  and  photometer,  is  that  some  clew  is 
given  to  certain  laws,  for  our  knowledge  of  which  we  must  otherwise 
depend  on  theoretical  considerations  alone.  While  the  conclusions  to 
be  drawn  from  micrometric  measurements  are  in  general  much  more 
precise,  and  the  effect  of  the  errors  can  be  more  certainly  computed, 
they  fail  entirely  to  aid  us  in  studying  such  laws  as  those  here  con- 
sidered. For  example,  the  present  investigation  serves  to  study  the 
following  important  problem  in  cosmogony,  to  which  micrometric 
measures  contribute  nothing,  and  which  can  otherwise  only  be  ex- 
amined from  the  standpoint  of  theory.  If  we  admit  a  common  origin 
to  the  stars  of  the  Milky  Way,  a  general  coincidence  in  their  axes  of 
rotation  seems  not  improbable,  especially  as  such  an  approximate  coin- 
cidence occurs  in  the  members  of  the  solar  system.  If  the  coincidence 
was  exact,  the  direction  must  be  that  of  the  poles  of  the  Sun,  or, 
approximately,  that  of  the  pole  of  the  ecliptic.  On  the  other  hand, 
since  the  stars  of  the  Milky  Way  are  supposed  to  be  arranged  in 
the  general  form  of  a  flattened  disk,  we  should  more  naturally  expect 
that  the  axes  of  rotation  would  be  symmetrically  situated  with  regard 

*  Annals,  xi.  185. 
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to  it,  or  would  coincide  with  its  shortest  dimension.  According  to  this 
theory,  then,  the  axes  of  rotation  would  be  directed  towards  the  poles 
of  the  Milky  Way.  If  now  we  suppose  that  a  great  number  of  varia- 
ble stars,  of  the  form  described  above  and  rotating  around  parallel 
axes,  were  distributed  over  the  heavens,  it  is  evident  that  those  seen 
in  the  direction  of  their  axes  would  not  appear  to  vary,  since  as  they 
turned  they  would  always  present  the  same  portion  of  their  surfaces 
to  the  observer.  Those  at  right  angles  to  this  direction  would  show 
the  greatest  variation,  and,  other  things  being  equal,  would  appear  to 
be  more  numerous  since  they  would  be  more  likely  to  be  detected. 
If  then  the  axes  are  coincident,  we  should  expect  that  most  of  these 
variable  stars  would  lie  along  the  arc  of  a  great  circle  whose  pole 
would  coincide  with  their  axes  of  rotation.  An  inspection  of  a  plot  of 
the  stars  of  Class  IV.  showed  that  they  agreed  closely  with  a  great 
circle  whose  pole  is  in  R.  A.  13*  and  Dec.  -f-  20°.  To  compare 
these  stars  in  this  and  in  other  respects,  they  are  arranged  in  the  order 
of  their  periods  in  Table  XIII.  They  are  divided  into  three  sections ; 
first,  those  known  to  be  of  the  fifth  class ;  secondly,  those  of  the  fourth 
class,  including  all  of  a  shorter  period  than  fi  Lyra ;  thirdly,  the  re- 
maining variables  of  longer  period,  whose  position  in  Class  IV.  may  be 
open  to  question.  The  first  column  gives  the  name  of  the  star,  and 
the  second  its  period  in  days.  The  distance  from  the  great  circle 
whose  pole  is  in  R.A.  13A  and  Dec.  +20°  is  given  in  the  third 
column.  It  was  found  by  measurement  on  a  globe,  instead  of  by 
calculation,  and  is  not  therefore  exact  to  the  nearest  degree. 

In  measuring  the  stars  of  the  fifth  class  at  the  Harvard  College 
Observatory,  much  difficulty  was  experienced  from  the  absence  of 
adjacent  comparison  stars.  Stars  of  the  fourth  class,  on  the  other 
hand,  have,  in  almost  all  cases,  stars  near  them.  An  unprejudiced 
comparison  is  made  in  the  next  two  columns,  by  giving  the  magnitude 
and  distance,  in  minutes,  of  the  nearest  star  of  the  Durchmusterung. 
The  lines  for  the  southern  stars  are  therefore  left  blank.  If  the  stars 
of  the  fourth  class  lie  near  the  Milky  Way,  we  should  expect  an  in- 
creased number  of  companions  due  to  this  cause.  Accordingly,  a  count 
has  been  made  of  the  Durchmusterung  stars  in  a  square  degree,  in 
which  each  star  is  contained.  This  area  is  defined  as  the  portion  of 
the  Durchmusterung  zone  in  which  the  star  is  situated,  having  an 
average  length  of  one  degree,  one  half  preceding,  the  other  half  follow- 
ing, the  variable.  The  results  are  given  in  the  sixth  column.  If  these 
stars  were  connected  with  the  variables,  we  might  expect  that  they 
would  lie,  approximately,  in  a  plane  at  right  angles  to  the  axes  of  rota- 
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TABLE  Xlll.  —  Comparison  of  Variable  Stars. 


Class  V. 

Num. 

Period. 

Dfat. 

Mag. 

Dirt. 

No.  8tan. 

Ang. 

Blrm. 

9  Librae     .    .    . 

2.82 

+Si 
+11 

•  • 

/ 

•  • 

•  • 

o 

•  • 

•  • 

—  Cephei   .    .    . 

2.49 

9.5 

6.1 

20 

•  • 

•  • 

$  Peraei    .    .    . 

2.87 

—24 

8.8 

7.6 

15 

•  • 

55 

47  Corona  .    .    . 

3.45 

+58 

9.4 

11.6 

7 

•  • 

•  • 

xTauri     .    .    . 

8.95 

'-41 

9.5 

17.5 

5 

•  • 

•  • 

S  Cancri   .    .    . 

9.48 

+25 

9.1 

11.6 

16 

•  • 

•  • 

Mean  . 

* 

±85° 

•  • 

KT.6 

12.6 

•  • 

•  * 

a 

assIV- 

—  Short  Periods. 

R  Muacae  .    .    . 

0.89 

0 

•  • 

•  • 

•  • 

•  • 

•  • 

T  Triang.  Auatr. 

1.00 

+  3 

*  • 

■  • 

•  • 

•  • 

•  • 

—  Sagittarii   .    . 

2.42 

—  1 

•  • 

•  • 

•  • 

*  • 

•  • 

S  Monocerotis    . 

3.40 

—  4 

9.4 

1.0 

29 

—81 

•  • 

R  Triang.  Auatr. 

8.40 

t\ 

•  • 

•  • 

•  • 

•  • 

•  • 

N  Velorum     .    . 

4.25 

•  • 

•  • 

•  • 

•  • 

•  • 

9  Cephei   .    .    .. 

5.87 

—  5 

7.6 

1.6 

31 

—33 

•  • 

S  Coron.  Auatr. . 

6.20 

—  9 

•  • 

•  • 

•  • 

«  • 

•  • 

U  Sagittarii    .    . 

6.76 

ti 

•  • 

•  • 

•  • 

•  • 

445 

X  Sagittarii   .    . 

7.01 

•  • 

•  • 

•  • 

•  • 

•  • 

r)  Aquilae  .    .    . 

7.18 

—  9 

9.2 

3.2 

17 

+20 

•  • 

FT  Sagittarii   .    . 

7.59 

+  8 

•  • 

•  • 

•  • 

•    • 

•  • 

k  Pavonia .    .    . 

9.10 

—16 

•  • 

•  • 

•  • 

•     • 

•  • 

( Geminorum    . 

10.16 

+  6 

8.5 

1.8 

88 

+     1 

•  • 

0  Lyras      .    .    . 

12.91 

+14 

8.6 

1.6 

84 

—20 

•  • 

Mean 

±6° 

*  *         1 

r.7 

28.8 

±21° 

•  • 

Ch 

issIV- 

-Long  1 

°eriods. 

W  Virginia      .    . 

17.27 

+66 

•  • 

•  • 

•  • 

•»  * 

284 

T  Monocerotis    . 

27.00 

—  8 

9.5 

6.1 

23 

0 

•  • 

/  Cannae  .    .    . 

81.25 

—  1 

•  • 

•  • 

•  • 

•  • 

•  • 

u  Herculia     .    . 

88.50 

+34 

9.4 

6.0 

15 

+79 

405 

U  Monocerotis    . 

46.00 

+  2 

•  • 

•  • 

•  • 

•  • 

•  • 

R  Lyre .... 

46.00 

+16 

7.1 

9.7 

17 

—78 

474 

R  Coron.  Auatr. . 

54.00 

—  9 

•  • 

•  • 

•  • 

•  • 

•  • 

S  Vulpecuta .    . 

67.50 

0 

9.5 

5.2 

20 

+63 
+76 

617 

R  Sagittae  .    .    . 

70.42 

—  9 

9.8 

6.0 

26 

640 

£Scuti.    .    .    . 

71.10 

+  8 

•  • 

. . 

•  ■ 

•  • 

462 

Mean ...--..  1 

±13° 

*  *          1 

6'.2 

20.2 

±67° 

•  • 

1 

Uod,  since  the  planes  of  revolution  of  the  planets  do  not  differ  greatly 
from  the  solar  equator.  Moreover,  if  the  elongation  of  the  variable 
was  caused  by  one  or  more  disturbing  bodies,  we  should  expect  that 
they  would  lie  in  this  plane.    Of  course,  the  present  distance  of  these 
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companions  is  far  too  great  to  sensibly  affect  the  variables,  but  other 
nearer  objects  may  lie  in  the  same  plane.  The  approximate  position 
angle  of  the  companion  was  computed  from  its  Durchmusterung 
place.  The  position  angle  of  the  pole  of  the  variable  stars  was  meas- 
ured by  a  protractor,  laid  upon  the  globe  over  the  position  of  the 
variable  star,  and  stretching  a  thread  to  the  pole.  Each  of  these 
determinations  is  liable  to  an  error  of  some  degrees,  but  the  results 
which  are  given  in  column  seven  are  sufficiently  exact  for  our  present 
purposes.  Some  of  these  stars  are  red,  and  when  they  are  contained 
in  the  Catalogue  of  Birmingham  *  their  numbers  are  given  in  the  last 
column. 

The  numbers  of  the  third  column  show  that  the  stars  of  the  fifth 
class  are  not  concentrated  in  the  assumed  plane.  If  uniformly  dis- 
tributed all  over  the  heavens,  their  average  distance  should  be  about 
30°,  since  one  half  of  each  hemisphere  is  contained  in  a  zone  of  this 
width.  In  the  short-period  stars  of  the  fourth  class,  however,  the 
agreement  is  most  remarkable.  None  have  yet  been  found  more 
distant  than  16°  from  the  circle,  and  with  two  exceptions  none  are 
more  distant  than  10°.  There  is  only  one  chance  in  four  that  a  given 
star  should  lie  within  15°  of  a  given  great  circle,  and  about  one  in  six 
that  it  should  lie  within  9°  of  it.  Evidently  the  chances  would  be 
many  millions  to  one  against  the  observed  arrangement  being  acci- 
dental. As  an  argument  in  favor  of  the  parallelisms  of  the  axes,  this 
distribution  of  the  stars  fails  by  proving  too  much.  We  should  ex- 
pect, if  the  axes  were  parallel,  to  find  nearly  as*  many  stars  between 
10°  and  20°,  as  between  0°  and  10°,  since  the  variation  would  be  a 
function  of  the  cosines  of  these  angles.  If  the  axes  were  not  exactly 
coincident,  we  should  find  the  stars  still  more  widely  distributed. 

Of  course  it  is  possible  that  the  distribution  of  these  stars  may  be 
partly  due  to  the  parallelism  of  their  axes  of  rotation.  But  we  have 
shown  that  the  latter  cause  is  insufficient.  Since  then  we  must  assume 
an  arrangement  of  the  stars  approximately  in  a  plane,  we  cannot  be 
sure  that  their  apparent  distribution  is  not  wholly  due  to  it,  and 
the  evidence  in  favor  of  parallelism  of  their  axes  is  much  weakened. 

It  is  a  little  singular  that  this  plane  appears  to  pass  through  the 
Sun.  We  should  expect  that  while  the  more  distant  stars  might  lie 
upon  a  great  circle,  the  nearer,  and  therefore  presumably  the  brighter, 
stars,  would  lie  on  the  opposite  side  of  it  from  the  Sun.  As,  however, 
the  positive  and  negative  signs  are  nearly  equally  distributed,  we  must 


*  Trans.  Roy.  Inst  Acad.,  xxvi.  249. 
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infer  that  the  distance  of  the  Sun  from  the  plane  of  these  stars  is  small 
compared  with  its  distance  from  them.  If  the  stars  lay  exactly  in 
one  plane  we  might  infer  their  distances  from  the  Sun  from  these 
residuals.  As  the  residuals  of  the  brighter  stars  show  no  systematic 
arrangement,  it  seems  probable  that  the  variables  of  the  fourth  class 
lie  nearly,  but  not  exactly,  in  a  plane.  This  plane  approaches  that  of 
the  Milky  Way,  but  does  not  coincide  with  it.  The  pole  of  the  latter 
is  nearly  in  R.  A  12*  40m  and  Dec  -+-  28°.  Evidently  the  residuals 
in  column  three  would  be  greatly  increased  if  we  moved  the  pole  from 
its  assumed  position  of  R.  A.  13*  and  Dec.  -f~  20°,  by  more  than  10° 
to  the  pole  of  the  Milky  Way.  The  position  of  the  Milky  Way,  as 
given  in  the  "  Adas  Coelestis  Novus  "  of  Heis,  agrees,  however,  more 
closely  with  the  plane  of  the  variable  stars. 

It  is  not  certain  whether  the  stars  of  longer  period  given  in  the 
third  section  of  Table  XII.  should  be  included  with  those  of  the 
fourth  class  of  variables.  With  two  exceptions,  W  Virginis  and 
u  HerculiSy  they  lie  near  the  plane  of  the  others. 

The  total  number  of  stars  in  the  Durchmusterung  north  of  the 
equator  is  315,048.  Since  the  area  of  the  hemisphere  is  20,626  square 
degrees,  this  corresponds  to  15.3  stars  per  degree,  or  an  area  of  236 
square  minutes  to  each  star.  A  circle  having  a  radius  of  8'.7  would 
have  an  area  equal  to  this.  If,  then,  a  circle  having  this  radius  is  de- 
scribed around  any  star  as  a  centre,  it  will  be  an  even  chance  that 
another  star  will  be  contained  within  it,  provided  that  the  presence  of 
the  second  star  is  no  way  affected  by  that  of  the  first.  For  circles  of 
other  radii  the  chances  will  vary  as  the  squares  of  the  radii,  or  as  the 
areas.  We  know  from  the  existence  of  clusters  and  multiple  stars  that 
one  star  is  not  without  influence  on  the  presence  of  another,  and  that 
this  effect  may  extend  to  some  distance,  as  is  shown  in  the  Pleiades 
and  in  Praesepe.  This  principle  may  still  be  used  in  comparing  differ- 
ent classes  of  stars,  although  the  distance  8'. 7  should  be  diminished. 
It  is,  therefore,  surprising  that  the  average  distance  of  the  companions 
of  stars  of  the  fifth  class  is  as  great  as  10'.6,  especially  as  two  of  them, 
S  Cancri  and  A.  Taurt,  lie  near  the  large  clusters  Praesepe  and  the 
Hyades,  where  the  average  intervals  between  the  stars  is  much  less. 
A  circle  of  radius  10'.6  has  Only  two-thirds  the  area  of  that  of  8'.7, 
hence  these  companions  are  only  two-thirds  as  thickly  placed  as  the 
stars  in  other  parts  of  the  heavens.  This  effect  extends  to  the  square 
degree,  as  is  shown  in  the  sixth  column.  It  appears  to  be  probable 
that  there  is  no  physical  connection  of  these  stars  with  the  variables, 
and  that  their  sparseness  is  due  to  their  distance  from  the  Milky  Way. 
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Passing  now  to  the  second  part  of  the  table,  we  find  a  wholly  different 
condition  of  things.  Every  star  has  a  companion  near  it  at  an  average 
distance  of  only  1'.7,  or  these  dtars  are  twenty-six  times  as  thickly 
placed  as  in  the  rest  of  the  heavens,  since  8.7s:  1.7s  =  26  :  1.  This 
effect  is  partly  due  to  the  surrounding  square  degree,  which  contains 
nearly  double  the  average  number  of  stars.  Only  a  small  part  of  this 
effect  may,  however,  be  thus  explained.  We  may,  therefore,  infer 
that  there  is  a  physical  connection  between  these  variables  and  their 
companions,  or  that  they  are  at  nearly  the  same  distance  from  the 
Son,  and  not  optically  double.  The  singular  character  of  these  stars 
renders  them  interesting  objects  for  the  measurement  of  parallax. 
This  is  especially  the  case  with  those  of  very  short  period,  since  from 
the  rapidity  of  the  changes  we  might  infer  that  they  were  really 
small,  and  therefore  near.  Now  an  observer  would  be  very  likely 
to  select  the  companions  as  points  to  measure  from,  since  their 
distances  are  much  greater  than  that  separating  the  components  of 
most  stars  which  are  binary,  or  are  supposed  to  be  physically  con- 
nected.    A  measurable  parallax  might  thus  escape  detection. 

The  stars  of  longer  period  occupy  an  intermediate  position  as  re- 
gards the  distances  of  the  components,  and  the  number  of  stars  in 
the  square  degree. 

If  the  direction  of  the  components  depended  wholly  on  chance,  we 
should  find  that  they  would  differ,  on  the  average,  from  that  given  by 
any  theory,  by  about  45°.  It  therefore  seems  scarcely  probable  that, 
in  each  of  the  five  cases,  a  chance  distribution  would  give  the  angle 
less  than  45°,  for  the  stars  of  short  period.  The  uncertainties  in  the 
measurements  would  in  general  increase  the  discrepancies,  so  that  it  is 
to  be  expected  that  a  more  accurate  determination  would  diminish  the 
mean  value,  although  it  would  doubtless  alter  the  separate  results  by 
many  degrees.  The  position  of  the  components  of  the  stars  of  the 
fifth  class  has  not  been  determined,  as  it  seems  very  improbable  that 
they  have  any  physical  connection.  The  stars  of  long  period,  with 
one  exception,  give  results  which  do  not  agree  at  all  with  theory. 
Some  more  precise  test  of  the  class  to  which  these  variables  should 
be  assigned,  is  therefore  much  needed.  They  are  distinguished  from 
many  of  the  stars  of  the  second  class  only  by  the  length  of  their  period, 
no  other  known  variables  having  a  period  less  than  that  of  R  Vul~ 
pecuke,  or  137  days.  Stars  of  Class  II.  have  banded  spectra,  and  are 
of  a  red  color.  This  suggested  a  test  dependent  upon  observations 
already  made.  The  last  column  shows  what  stars  have  been  regarded 
as  red,  and  may,  therefore,  in  some  cases  belong  to  Class  II.    The  only 
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star  of  Class  V.  given  in  Birmingham's  Catalogue  is  ft  Persei,  and  many 
observers  may  be  surprised  that  this  should  have  been  called  a  red 
star.  It  is  remarkable  that  but  one  star  of  short  period,  USagittarii,  is 
called  red.  On  the  other  hand,  six  of  the  variables  of  long  period  are 
given  in  the  catalogue,  including  all  of  those  which  have  shown  marked 
discrepancies.  Excluding  these  disposes  of  the  large  deviations,  66° 
and  34°,  in  column  three;  and  we  find  no  star  more  distant  than  16° 
from  the  assumed  plane  in  which  the  variables  lie.  Again,  the  large 
discrepancies  of  the  last  column  but  one  are  removed,  and  T  Monoce- 
rotis  probably  placed  with  the  variables  of  the  fourth  class.  This  view 
is  confirmed  by  the  light  curve  given  by  Schbnfeld,  page  32  of  the 
catalogue  cited  above,  which  shows  that  in  the  form  of  its  variations 
this  star  closely  resembles  rj  Aquike  and  h  Cephei.  Another  reason  for 
excluding  W  Virginia  and  the  last  four  stars  of  the  list  is,  that  their 
light  is  variable  at  their  maxima,  and  in  four  of  the  five  cases  at  their 
minima.  This  frequently  happens  with  stars  of  Class  II.,  but  would 
not  be  readily  explained  in  stars  of  Class  IV. 

The  Uranometria  Argentina  adds  U  Monocerotis  to  the  list  of  red 
stars.  All  stars  whose  period  lies  between  32  and  72  days  have, 
therefore,  been  called  red,  except  R  Corona  Australia.  This  star  is  so 
faint  that  its  color  might  well  have  been  overlooked. 

A  further  discussion  would  have  been  made  of  T  Monocerotis,  but 
no  means  exist  for  converting  into  light  ratios  the  scale  of  magnitudes 
of  its  light  curve.  As  the  brightness  of  the  comparison  stars  are  not 
given,  we  have  no  means  of  knowing  whether  a  tenth  of  a  magnitude 
corresponds  to  the  same  light  ratio  when  this  star  is  faint,  as  when  it  is 
bright.  A  preliminary  trial  showed  that  the  maximum  appeared  to 
occur  more  suddenly,  and  the  minimum  more  slowly,  than  theory 
would  indicate.  The  large  range  of  variation  of  this  star  renders  it 
well  suited  for  study,  and  the  same  may  be  said  of  some  others  of  the 
list,  as  a  slight  increase  in  the  difference  between  the  maximum  and 
minimum  greatly  increases  the  severity  of  the  test  the  light  curve 
offers  to  theory. 

The  system  which  appears  to  govern  the  position  of  the  companions 
to  these  stars  suggests  an  investigation  which  might  lead  to  important 
results.  The  planes  of  the  orbits  of  the  binary  stars  are  defined  by 
their  inclination  and  the  position  angle  of  the  node.  Since  we  cannot 
determine  micrometrically  the  direction  in  which  the  orbit  is  inclined, 
we  can  only  say  that  the  pole  of  this  orbit  lies  in  one  of  two  places. 
Should  any  law  be  discovered,  we  might  then  decide  for  any  particular 
star  what  sign  should  be  given  to  the  inclination,  and  also  whether  the 
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motion  was  direct  or  retrograde.  It  might  also  help  to  determine  the 
amount  of  the  inclination  when  the  latter  is  not  large  enough  to 
be  determined  precisely  by  micrometric  measurements.  Such  a  law 
would  render  an  important  aid  to  the  study  of  the  orbits  of  the  dark 
companions  of  stars  of  the  fifth  class.  They  would  afford  a  check  on 
the  observed  inclination,  and  would  define  the  position  angle  of  the 
major  axis  of  the  orbit,  which  is  now  wholly  indeterminate.  An 
inspection  of  the  orbits  of  the  binaries  fails  to  show  any  law,  but 
it  is  possible  that  this  might  be  brought  out  by  a  more  careful  exami- 
nation, as  has  been  done  with  the  proper  motion  of  the  stars.  The 
conclusion  regarding  the  motion  of  the  Sun  in  space  is  liable  to  large 
error,  in  case  systematic  errors  exist  in  the  catalogues  on  which 
the  positions  of  the  stars  depend.  Such  an  error  in  Bradley  might 
greatly  change  the  conclusion  generally  accepted.  The  orbits  of  the 
binaries,  on  the  other  hand,  are  wholly  independent  of  each  other,  and 
there  is  little  danger  of  a  systematic  error  affecting  all. 

The  elegant  method  of  Argelander  for  determining  the  light  curve 
of  the  variable  stars  leaves  little  to  be  desired  as  a  means  of  determin- 
ing their  periods  and  the  times  of  their  minima.  Its  simplicity,  and  the 
need  of  no  instrument  but  a  telescope  powerful  enough  to  show  the 
variable,  are  strong  arguments  in  its  favor  when  comparing  it  with 
the  best  photometric  methods.  If,  however,  we  wish  to  determine  the 
true  light  curve,  the  following  sources  of  error  become  perceptible.  As 
the  comparison  stars  are  selected  from  the  immediate  neighborhood  of  the 
variable,  they  are  few  in  number ;  and  if  any  one  of  them  proves  to  be 
itself  variable,  the  errors  introduced  are  large.  It  is  difficult  to  obtain 
independent  estimates,  since  there  is  but  little  range  of  choice  in  the  star 
to  be  selected  at  any  given  time.  Much  skill  is  required  on  the  part 
of  the  observer  to  make  a  grade  the  same  when  the  variable  is  bright 
as  when  faint,  to  make  it  the  same  on  different  nights,  and  to  make  the 
interval  of  two  grades  double  that  of  one.  In  reducing  the  light  to 
logarithms,  it  appears  to  be  impossible  to  render  the  errors  of  the 
measures  of  the  comparison  stars  as  small  as  those  of  the  light  curves. 
The  comparisons  given  above  show  that  the  errors  of  the  measure- 
ments of  the  comparison  stars  probably  exceed  those  from  all  other 
sources  combined. 

Three  methods  may  be  used  for  determining  the  brightness  of  the 
stars  without  a  photometer.  First,  the  observer  may  keep  a  certain 
scale  in  mind,  and  by  it  estimate  the  light  of  the  stars  in  tenths  of  a 
magnitude.  He  should  first  estimate  several  known  stars,  and  compare 
his  result  with  their  true  brightness,  so  as  to  apply  mentally  to  his 
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scale  proper  corrections  for  the  effect  of  haze,  moonlight,  etc  He 
may  also  observe  a  large  number  of  known  stars,  and  afterwards 
reduce  his  scale  for  the  evening  from  a  discussion  of  their  light 

In  the  second  method,  which  is  that  of  Argelander,  the  observer 
selects  a  comparison  star  of  very  nearly  the  same  light  as  the  star  to  be 
measured,  and  estimates  the  difference  in  grades,  a  grade  being  a  small 
interval  nearly  equivalent  to  a  tenth  of  a  magnitude.  A  discussion  of  all 
the  observations  serves  to  determine  the  intervals  in  grades  between 
the  comparison  stars.  The  value  of  one  grade  is  then  determined  from 
photometric  measures  of  the  comparison  stars.  According  to  the  third 
method,  the  observer  selects  two  comparison  stars,  one  a  little  brighter, 
the  other  a  little  fainter,  than  the  star  to  be  observed,  and  estimates  its 
difference  in  magnitudes  from  the  brighter  component,  with  the  differ- 
ence between  the  two  comparison  stars.  The  first  of  these  methods  is 
the  most  rapid,  and  is  well  adapted  to  zone  observations,  or  to  any  work 
with  a  meridian  instrument.  More  skill  is,  however,  required  on  the 
part  of  the  observer  than  by  either  of  the  other  methods.  Besides  being 
able  to  judge  of  small  intervals  of  brightness,  as  in  the  other  methods, 
he  must  be  able  to  prevent  any  changes  from  taking  place  in  his  scale, 
at  least  during  a  single  evening.  The  second  method  requires  less 
skill,  since  the  observer  must  merely  keep  the  values  of  his  grades  con- 
stant ;  but  in  the  third  method  even  this  is  not  needed.  It  is,  there- 
fore, probably  the  most  exact,  when  the  results  are  to  be  reduced  by 
photometric  measures  of  the  comparison  stars.  The  three  methods  are 
directly  comparable  with  those  which  may  be  used  in  estimating  linear 
measures.  We  may  estimate  the  length  of  a  bar  directly  in  inches,  or 
its  excess  in  inches  over  a  similar  bar  of  known  length ;  or,  thirdly,  we 
may  compare  it  with  two  bars,  one  a  little  longer,  the  other  a  little 
shorter,  and  estimate  its  relative  length  compared  with  them.  It  can 
hardly  be  doubted  that  the  last  of  these  methods  would  give  the  most 
accurate  results.  When  applied  to  the  stars,  the  third  method  has 
also  an  advantage  in  reducing  the  accidental  errors  of  the  photometric 
measures,  since  the  comparison  is  made  with  two  stars  instead  of  one. 

The  light  curve  of  a  variable  may  then  be  determined  as  follows :  — 
Select  as  comparison  stars  all  those  of  nearly  the  brightness  of  the 
variable,  and  not  too  far  distant,  excepting  any  which  may  be  thought 
to  be  variable,  to  differ  from  the  variable  in  color,  or  which  are  near 
other  stars.  Photometric  measures  should  be  obtained,  during  the 
period  over  which  the  observations  of  the  variable  extend,  of  all  of 
those  stars  which  are  used.  Each  star  should  be  measured  in  turn 
under  precisely  the  same  conditions,  by  a  Zollner  photometer  or  other 
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instrument,  and  this  should  he  repeated  on  several  evenings.  The  rela- 
tive light  will  thus  he  obtained  with  great  accuracy,  as  the  same  errors 
will  be  likely  to  affect  them  all.  If  this  cannot  be  done,  the  Uranome- 
tria  Argentina,  with  the  measures  now  in  progress  at  the  Harvard  Col- 
lege Observatory,  will  give  the  brightness  of  all  the  naked-eye  stars, 
with  an  error  probably  less  than  a  tenth  of  a  magnitude. 

The  light  of  the  variable  would  be  found  by  selecting  two  compari- 
son stars,  one  a  little  brighter,  the  other  a  little  fainter  than  it,  and 
comparing  the  interval  between  the  variable  and  the  brighter,  with 
that  between  the  two  comparison  stars,  which  may  be  assumed  equal 
to  10.  Thus,  a  4  b  will  denote  that  the  interval  between  the  bright 
comparison  star  a  and  the  variable  is  estimated  at  only  four-tenths  of 
that  between  the  two  comparison  stars.  Of  course  the  time  of  each 
comparison  must  be  recorded.  This  measure  should  be  repeated  with 
different  pairs  of  comparison  stars.  Thus,  if  a  and  b  are  brighter 
and  c  and  d  fainter  than  the  variable,  we  may  compare  the  latter  with 
ac,  ad,  be,  and  ba\  In  like  manner,  with  six  comparison  stars  we  may 
obtain  nine  independent  measures.  The  reduction  is  very  simple,  since 
it  is  useless  to  carry  the  estimates  beyond  tenths  of  a  magnitude. 

The  above  paper  has  suggested  several  researches  of  importance, 
and  which  are  accordingly  placed  together  below :  — 

1.  Determination  of  the  light  curves  of  any  of  the  variables  of  short 
period,  except  /?  Persei,  £  Geminornm,  ft  Lyra,  tj  AquiUs,  and  8  Cephet, 
for  which  satisfactory  curves  have  already  been  obtained.  The  method 
of  Argeiander,  or  that  proposed  above,  may  be  used  with  advantage. 

It  must  be  remembered  that  the  observations  will  have  little  value, 
unless  they  are  reduced  and  the  light  curve  found.  A  vast  number  of 
excellent  observations  of  these  stars  already  exist,  including  the  larger 
part  of  those  of  Argelander,  which  will  have  no  value  until  they  are 
reduced. 

2.  Determination  of  the  light  curve  of  the  stars  of  the  fourth  class 
photometrically.  This  may  be  done  with  great  accuracy  by  an  instru- 
ment similar  to  that  described  in  the  Annals  of  the  Harvard  College 
Observatory,  xi.  4,  Figs.  1  and  2.  The  proximity  of  the  companions 
render  these  objects  especially  suitable  for  photometric  measurement 

8.  Photometric  measures  of  the  comparison  stars  used  in  (1),  of 
those  used  by  previous  observers,  and  the  reduction  of  the  observations 
by  these  measures  to  light  intensities. 

4.  Search  for  variables  of  the  fourth  class,  selecting  from  the  Durch- 
musterung  those  fulfilling^the  conditions  named  above.  They  may  be 
readily  identified  by  their  companions,  and  observed  very  rapidly  by  a 
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transit  instrument,  or  small  equatorial.  The  first  of  the  three  methods 
of  estimating  their  light  is  to  be  recommended  for  this  work.  It  is 
sufficiently  precise,  and  the  scale  used  each  evening  would  be  readily 
found  from  the  Durchmusterung  magnitudes  of  the  great  mass  of  the 
stars  which  would,  probably,  be  invariable  in  light.  Any  interesting 
variable  would  be  detected  by  observations  on  a  few  nights. 

5.  Measures  of  the  position  angles,  distances,  and  magnitudes  of  the 
companions.  The  approximate  places  given  from  the  Durchmusterung 
in  Table  XIII.  could  thus  be  corrected,  and  the  blanks  for  southern 
stars  filled.  The  magnitudes  could  best  be  measured  by  the  photome- 
ter recommended  in  (2).  Otherwise  especial  care  should  be  taken 
that  the  light  of  the  fainter  star  was  not  affected  by  the  proximity  of 
the  brighter. 

6.  Observations  of  the  color  and  spectrum  of  these  stars,  to  decide 
which  ones,  if  any,  should  be  included  in  the  second  class. 

7.  Distribution  of  the  light  in  the  spectra  of  these  stars,  and  also 
of  those  of  the  second  class  at  their  maxima  and  minima. 

8.  Computation  by  Jacobi's  method  of  the  true  diameter  of  a  liquid 
ellipsoid  in  equilibrium,  having  given  the  period  of  rotation  and  the 
ellipticity  of  the  equator. 

9.  Computation  of  the  Galactic  latitude  and  longitude  (or  distance 
and  direction  from  the  pole  of  the  Milky  Way)  of  variables  of  Classes 
II.  and  IV.,  of  the  planetary  and  other  gaseous  nebulae,  and  of  stars 
whose  spectrum  is  of  the  fourth  type. 

10.  Computation  of  the  position  of  the  poles  of  the  orbits  of  the 
binary  stars. 

The  object  of  the  present  paper  is  not  to  advocate  a  certain  theory 
which  may  seem  improbable,  and,  possibly  to  some,  inadequate.  It  is 
rather  intended  to  bring  together  the  most  important  facts  bearing  on 
the  study  of  an  interesting  class  of  objects,  and  to  exhibit  them  in  a 
form  in  which  they  may  be  subjected  to  any  desired  test  The  hy- 
pothesis advanced  has  a  value  as  affording  a  simple  geometrical  con- 
ception of  the  nature  of  the  variations  under  consideration,  even  if  it 
proves  not  to  be  the  true  explanation  of  the  cause.  The  ingenious 
hypothesis  of  Zollner,  and  other  explanations  of  these  phenomena,  have 
not  been  overlooked.  It  seemed  best,  however,  to  leave  to  another  to 
decide  the  comparative  merits  of  views  in  which  the  precision  of  the 
effects  must  be  considered  as  well  as  the  probability  of  the  causes. 

One  theory,  that  the  variation  is  due  to  the  absorption  of  a  rotating 
mass  of  gas,  deserves  a  moment's  consideration.  This  explanation 
does  not  appear  probable  for  stars  of  the  fourth  class,  since  no  evidence 


OP  ARTS  AND  SCIENCES.  288 

of  absorption  is  in  general  shown  in  their  spectra  beyond  the  appear- 
ance of  lines  such  as  are  seen  in  oar  Sun.  For  the  stars  of  the  second 
class,  however,  this  view  seems  more  reasonable,  since  many  of  them 
exhibit  spectra  which  are  strongly  banded.  Moreover,  the  great  varia- 
tion in  light  is  thus  explained.  An  excellent  test  of  this  hypothesis  is 
afforded  by  the  variation  in  light  of  the  different  portions  of  the  spectra. 
For  light  of  any  given  wave-length  the  logarithm  of  the  transmitted 
ray  will  always  vary  proportionally  to  the  thickness  and  density  of  the 
absorbing  medium,  the  amount  of  absorbent  effect  for  any  given  thick- 
ness varying  with  the  wave-length.  Accordingly,  a  study  of  the  varia- 
tion of  each  ray  should  show  the  same  law.  They  would  give  very 
different  coefficients  of  absorptions,  those  of  the  dark  bands  being 
large,  and  those  of  the  bright  zones  being  small.  The  great  variation 
in  light  will  render  this  test  a  severe  one  with  even  a  moderate  degree 
of  accuracy  in  the  observations.  For  the  lack  of  any  data,  this  method 
of  study  is  for  the  present  unavoidably  postponed. 

The  principal  conclusions  of  the  above  paper  may  be  summarized 
as  follows :  — 

Thirty-one  variable  stars  are  known  whose  period  is  less  than  72 
days.  Of  those  six  belong  to  the  fifth  class,  or  that  of  ft  Persei,  in 
which  the  variation  is  probably  due  to  the  interposition  of  an  opaque 
eclipsing  satellite.  Of  the  remainder,  seven  may  be  excluded,  since 
they  are  red,  and  may  belong  to  the  second  class,  or  that  of  o  Ceti. 
Nineteen  remain,  whose  periods  vary  from  less  than  a  day  to  54  days, 
and  which  may  be  placed  in  the  fourth  class.  All  lie  within  16°  of  a 
great  circle  whose  pole  is  in  R.  A.  13A,  Dec.  -f-  20°.  The  distances 
of  eleven  are  from  0°  to  5°,  of  five  at  distances  8°  and  9°,  one  at  14°, 
and  one  at  16°.  The  average  distance  is  5°.5,  while  if  the  stars  were 
distributed  at  random  it  should  be  30°. 

If  the  stars  of  the  Durchmusterung  were  uniformly  distributed,  their 
average  distance  apart  would  be  about  8'.7.  The  five  stars  of  the  fifth 
class  have  Durchmusterung  companions  at  an  average  distance  of  10'.6. 
In  the  fourth  class,  excluding  the  red  stars,  six  are  in  the  Durch- 
musterung, and  have  companions  at  an  average  distance  of  2'.5,  four 
being  less  than  2'.0  distance,  one  at  3'.2,  and  one  at  6M.  In  all  six 
cases  the  direction  of  the  companions  is  within  less  than  34°  of  the 
plane  near  which  the  variables  lie,  or  at  an  average  distance  of  18°, 
while,  if  distributed  by  chance,  this  angle  should  be  45°.  Hence 
a  method  of  discovering  variable  stars  of  this  class  is  offered  by  look- 
ing in  a  certain  part  of  the  sky  for  those  having  near  companions  in 
a  given  direction. 
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The  light  carves  of  four  stars  have  been  determined  with  sufficient 
precision  to  permit  a  comparison  with  theory.  All  of  these  may  be 
represented  by  the  formula  Z'=  1  -f-  ml  sin  (v-\-a)  -\-  n'  cos  2i/,  in 
which  U  is  the  light  when  the  star  has  turned  through  the  angle  v'. 
The  difference  between  observation  and  theory  amounts  on  the  aver- 
age to  only  about  0.03  of  a  magnitude.  In  other  words,  the  light 
of  these  stars  at  any  time  may  be  computed  with  this  degree  of 
precision. 


Harvard  College  Observatory, 
Cambridge,  U.  S. 


/   * 
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XX. 

LARGE    TELESCOPES. 
By  Edward  C.  Pickering. 

Presented  April  18, 1881. 

Tfie  small  amount  of  work  accomplished  with  large  telescopes  has 
often  been  the  subject  of  unfavorable  comment.  This  criticism  ap- 
plies with  especial  force  to  this  country,  where  there  are  nearly  a 
dozen  telescopes  having  an  aperture  of  a  foot  or  over,  besides  two  of 
the  largest  size  now  in  course  of  construction,  and  two  of  26  and  24 
inches  aperture  which  are  unmounted  and  have  been  for  several  years 
perfectly  useless.  Among  so  many,  it  seems  as  if  one  might  be  spared 
for  a  trial  of  the  following  plan,  which  if  successful  would  produce  at 
a  small  expense  far  more  work  than  could  be  obtained  with  a  mount- 
ing of  the  usual  form. 

Suppose  that  the  telescope  is  placed  horizontally  at  right  angles  to 
the  meridian,  and  that  a  plane  reflector  inclined  to  its  axis  by  45°  is 
placed  in  front  of  it.  This  reflector  may  revolve  around  an  axis  coin- 
ciding with  that  of  the  telescope.  Such  a  mounting  has  been  used  in 
transit  instruments,  and  gives  much  satisfaction  in  the  meridian  photo- 
meter of  the  Harvard  College  Observatory.  The  principal  difficulty 
with  a  large  instrument  would  lie  in  the  flexure  of  the  reflector.  This 
difficulty  has,  however,  been  overcome  in  a  great  measure  in  reflecting 
telescopes  by  various  ingenious  devices.  In  the  present  case,  since  the 
reflector  rotates  only  around  one  axis  instead  of  two,  the  problem 
is  much  simplified.  A  slight  motion  at  right  angles  of  perhaps  5° 
would  be  a  great  convenience,  as  will  be  shown  below,  and  would 
probably  be  insufficient  to  materially  affect  the  flexure.  It  may  be 
said  that  it  is  more  difficult  to  make  a  plane  surface  than  one  that  is 
curved.  But  the  principal  effect  of  a  slight  curvature  would  be  to 
change  the  focus  of  the  telescope,  the  aberration  being  much  less  than 
the  effect  of  the  varying  flexure.  Let  us  admit,  however,  that  the  best 
definition  cannot  be  obtained,  in  considering  the  purposes  to  which 
such  an  instrument  could  be  applied  without  disadvantage. 
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Many  advantages  will  be  apparent  on  comparing  such  a  mounting 
with  an  equatorial.  Great  steadiness  would  be  secured,  since  the 
mirror  would  be  the  only  portion  moved,  and  this  would  be  placed  di- 
rectly upon  a  low  pier.  Instead  of  a  large  and  expensive  dome  which 
is  moved  with  difficulty,  the  mirror  would  be  protected  by  a  small  shed, 
of  which  the  roof  could  be  easily  removed.  It  would,  therefore,  be 
opened  and  ready  for  use  in  a  very  short  time,  and  would  quickly  take 
the  temperature  of  the  surrounding  air.  The  object-glass  would  be 
mounted  directly  upon  a  second  pier,  and,  as  it  would  not  be  moved, 
would  be  in  very  little  danger  of  accident.  The  tube  could  be  made 
of  tin  or  other  inexpensive  material,  as  its  flexure  is  of  no  importance. 
It  could  easily  be  protected  from  the  changes  of  the  temperature  so 
troublesome  in  the  tube  of  a  large  equatorial.  If  preferred,  it  might 
even  be  exhausted  of  air,  or  filled  with  hydrogen,  and  the  effect  of  the 
changes  of  temperature  thus  greatly  reduced. 

The  eyepiece  could  be  mounted  on  a  third  pier,  and  would  be  so  far 
distant  horizontally  from  the  mirror  and  object-glass  that  there  is  no 
reason  that  it  should  not  be  enclosed  in  a  room  which  may  be  warmed. 
The  comfort  in  winter  of  working  in  a  warm  room  will  be  appreciated 
by  those  who  have  used  a  large  telescope  in  a  cold  climate.  The  re- 
sult is  sure  to  be  an  increased  precision  in  the  observations,  and  a  possi- 
bility of  prolonging  them  over  longer  intervals.  A  similar  effect  is 
produced  by  the  constant  direction  of  the  line  of  sight.  No  especial 
observing  chair  is  needed.  There  is  no  limit  to  the  size  of  the  attach- 
ments which  may  be  made  to  the  eyepiece,  since  they  need  not  be 
moved.  This  is  a  great  advantage  in  certain  spectroscopic  and  photo- 
metric measurements.  A  strong  wind  interferes  seriously  with  many 
observations,  as  it  is  impossible  to  make  a  telescope  so  stiff  that  it  will 
not  be  shaken  by  sudden  gusts.  In  the  plan  here  proposed  the  mirror 
alone  is  exposed,  and  its  surface  is  too  small  to  give  trouble. 

By  means  of  a  long  handle  the  position  of  the  mirror  may  be  regu- 
lated from  the  eye-end,  and  the  declination  of  the  object  observed  read 
by  small  telescopes.  If  the  mirror  can  be  moved  at  right  angles  to 
the  meridian  5°  from  its  central  position,  an  object  at  the  equator  may 
be  followed  for  forty  minutes,  and  other  objects  for  a  longer  period. 
Without  this  motion  an  object  may  be  followed  for  three  or  four  min- 
utes by  moving  the  eyepiece  alone.  Clockwork  may  be  applied  to  the 
mirror,  or  less  easily  to  the  eyepiece.  The  focal  length  may  be 
increased  almost  indefinitely  if  desired,  and  certain  advantages  will  be 
thus  attained  in  the  diminution  in  the  defects  of  the  object-glass, 
although  those  of  the  reflector  will  not  be  affected.     If  the  telescope  is 
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to  be  erected  at  a  great  elevation  the  advantages  of  the  present  plan  are 
at  once  apparent.  Many  nights  of  observation  would  be  secured  which 
otherwise  would  be  lost  owing  to  the  wind  and  cold.  The  simplicity 
in  the  construction  of  the  building  would  be  a  great  advantage,  as  a 
large  dome  in  so  exposed  a  situation  would  be  kept  free  from  snow 
with  much  difficulty,  and  might  be  a  source  of  danger  in  winter  storms. 
If  found  impracticable  to  observe  during  the  winter,  it  would  be  pos- 
sible to  have  a  duplicate  mounting  below,  and  remove  the  lens  and 
mirror  from  one  to  the  other. 

It  is  evident  that  the  saving  of  cost  would  be  very  great  not  only  in 
the  observatory  building  and  dome,  but  in  the  tube,  observing  chair, 
clockwork,  etc. 

If  a  reflector  could  be  constructed  whose  surface  was  the  portion  of 
a  paraboloid  whose  abscissa  equalled  that  of  the  focus,  the  instrument 
could  be  much  simplified.  No  object-glass  would  then  be  required,  the 
reflector  taking  the  place  both  of  mirror  and  lens.  All  the  light 
intercepted  by  the  objective  would  thus  be  saved,  and  but  a  single 
surface  need  be  adjusted  and  corrected.  With  the  advance  in  mechan- 
ical methods  this  does  not  seem  wholly  impracticable,  especially  with  a 
mirror  of  long  focus.  Since  the  final  correction  must  always  be  made 
by  hand,  it  makes  but  little  difference  what  is  the  exact  form  of  the 
surface. 

In  any  case  it  would  be  a  great  advantage  that  the  mirror  could  be 
reground,  repolished,  or  resilvered  without  moving  it  from  its  place. 
It  would  only  be  necessary  to  place  it  horizontally,  and  the  grinding 
machinery  could  be  kept  permanently  near  it.  If  plane,  the  perfection 
of  its  form  could  also  be  tested  at  any  time  by  setting  it  on  edge,  and 
viewing  the  image  it  reflected  by  a  collimating  eyepiece  attached  to  the 
large  telescope.  Another  method  would  be  to  place  a  heliotrope  a  few 
hundred  yards  to  the  north  or  south  of  it,  and  the  light  from  this  would 
form  an  excellent  artificial  star,  available  whenever  the  sun  shone. 

The  greatest  advantage  is  the  rapidity  with  which  observations 
could  be  made.  No  more  time  would  be  lost  in  identification  than 
with  a  transit  instrument,  so  that  a  large  number  of  objects  could  be 
examined  in  the  course  of  a  single  hour.  Any  one  who  has  worked 
with  a  large  telescope  knows  how  much  time  is  lost  in  opening  and 
closing  the  dome  and  in  finding  and  identifying  minute  objects. 

Let  us  now  consider  to  what  purposes  a  large  telescope  mounted  as 
suggested  might  be  applied. 

L  Sweeping.  For  the  discovery  of  new  objects  this  mounting  pre- 
sents especial  advantages.     It  might  be  used  for  the  detection  of  new 
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double  stars,  of  nebulae,  of  red  stars,  or  of  objects  having  singular 
spectra,  as  planetary  nebulae,  banded  stars,  and  variables  of  long 
period.  Suppose  that  the  field  of  view  had  a  diameter  of  somewhat 
over  one  minute  of  time,  and  that  a  small  motor  was  attached  to  the 
mirror  which  would  move  it  uniformly  over  5°  in  declination  in  this 
time,  and  then  bring  it  quickly  back  to  its  first  position.  The  observer 
would  then  have  presented  to  him  a  series  of  zones  5°  long  and  one 
minute  wide.  The  sweeps  should  overlap  by  a  small  amount,  so  that 
the  entire  region  could  be  covered  in  a  single  evening.  The  observer 
could  have  a  few  seconds  rest  between  each  zone,  while  the  motiou  of 
die  mirror  was  reversed.  If  an  object  of  interest  was  suspected, 
it  could  be  located  by  merely  noting  the  time  at  which  it  was  seen. 
The  right  ascension  would  be  given  directly,  and  the  declination  would 
be  found  by  interpolation  from  the  time  of  beginning  and  ending  the 
sweep.  An  examination  of  the  object  and  a  determination  of  its  exact 
location  should  be  made  on  another  evening. 

II.  Measures  of -position.  For  many  purposes  positions  could  be 
determined  with  this  instrument  as  in  a  transit  circle.  It  would  gen- 
erally be  better,  however,  to  make  the  measures  differential,  leaving  the 
mirror  at  rest  and  observing  the  transits  of  the  object  to  be  determined 
and  of  two  or  more  companion  stars.  The  method  of  the  ring  mi- 
crometer might  be  employed,  or  some  modification  of  that  with  inclined 
lines.  In  the  latter  case  the  zero  of  position  could  be  found  by  the 
transit  of  preceding  stars,  by  setting  the  reticule  by  a  divided  position 
circle,  or  perhaps  better  by  keeping  it  in  a  fixed  position,  determining 
the  direction  of  the  lines  once  for  all,  and  applying  a  correction  for 
the  declination  of  the  object  observed.  Stars  could  be  compared  dif- 
fering nearly  a  degree  in  declination,  as  the  eyepiece  could  be  moved 
without  danger  of  disturbing  the  reticule.  For  the  same  reason  the 
star  could  be  followed  for  three  or  four  minutes,  and  its  transit  over  a 
great  number  of  wires  observed.  It  is  here  assumed  that  the  distortion 
produced  by  the  mirror  is  not  very  great.  A  slight  distortion  would  do 
little  harm,  as  it  would  be  the  same  for  all  stars  of  equal  brightness. 
If  the  stars  differ  greatly  in  brightness,  the  observer  should  determine 
his  personal  equation  between  them  in  any  case,  and  the  same  opera- 
tion would  eliminate  the  effect  of  the  distortion.  The  large  aperture 
of  the  instrument  would  permit  the  observation  of  stars  quite  beyond 
the  reach  of  any  meridian  circle.  The  faintest  asteroids  could  thus  be 
readily  measured,  and  could  probably  be  followed  in  many  cases  on 
successive  evenings  to  their  stationary  points.  Zones  of  stars  could  be 
observed  very  conveniently  for  the  formation  of  charts  or  catalogues, 
for  the  discovery  of  asteroids,  stars  with  large  proper  motion,  etc. 
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Probably  the  definition  could  not  be  sufficiently  good  for  the  measure- 
ment of  the  closer  double  stars,  but  if  clockwork  was  attached,  faint 
companions  could  be  measured  or  approximate  positions  of  the  coarser 
pairs  determined  very  rapidly.  The  positions  of  nebulae  could  also  be 
observed  with  a  view  to  detecting  their  proper  motion.  Stars  having 
a  large  proper  motion  might  be  observed,  and  the  observations  so 
arranged  that  any  very  large  parallax  would  be  detected.  A  similar 
search  for  a  large  parallax  of  variable  stars,  short-period  binaries, 
minute  planetary  nebulae,  or  stars  having  singular  spectra,  might  lead 
to  interesting  results.  The  argument  that  no  ordinary  star  is  very 
near  does  not  apply  to  such  objects. 

III.  Spectroscopy.  The  increased  dimensions  which  could  be  given 
to  the  spectroscope,  and  its  steadiness,  would  compensate  in  a  great 
measure  for  a  defect  in  definition.  By  Zollner's  reversion  spectroscope 
the  slit  might  be  dispensed  with,  and  also  the  necessity  of  clockwork. 
So  many  stars  could  be  observed  in  a  single  evening  that  systematic 
errors  could  be  in  a  great  measure  eliminated,  and  as  the  spectroscope 
would  not  be  moved,  we  should  have  a  great  assurance  that  the  deviations 
were  real.  Of  the  six  thousand  nebulae  hitherto  discovered  we  know 
nothing  of  the  spectrum  of  more  than  three  or  four  hundred,  while  the 
observation  of  all  the  others  with  a  large  horizontal  telescope  would 
not  be  a  very  formidable  undertaking.  It  would  also  be  interesting  to 
observe  the  spectra  of  all  the  clusters.  It  is  possible  that  some  may 
consist  of  stars  having  singular  spectra,  or  even  of  disconnected  nebu- 
lous masses,  in  fact  forming  clusters  of  planetary  nebulae.  The  inter- 
esting discovery  by  Dr.  Copeland  that  Burn  ham's  Rouble  nebula  in 
Cygnus  is  gaseous,  shows  the  same  tendency  to  aggregation  in  these 
bodies  as  in  stars.  Observations  of  the  spectra  of  all  the  red  stars 
and  variables  would  also  probably  lead  to  interesting  results. 

IV.  Photometry.  Should  the  instrument  be  devoted  to  photometry, 
numerous  problems  suggest  themselves.  Variable  stars  could  be  ob- 
served near  their  minimum  when  too  faint  to  be  identified  with  an  equa- 
torial without  great  loss  of  time.  Faint  stars  in  zones  or  faint  com- 
panions to  bright  stars  could  be  measured  very  rapidly.  The  relative 
light  of  all  the  asteroids  would  be  an  interesting  problem.  Many 
coarse  clusters  appear  to  consist  of  stars  of  nearly  equal  brightness. 
Their  light  compared  with  their  distances  apart  might  aid  our  study 
of  their  formation.  Another  useful  investigation  would  be  to  measure 
the  brightness  of  all  the  nebulae. 

In  the  application  of  physics  to  astronomy  doubtless  many  other 
problems  will  suggest  themselves.     Thus  no  satisfactory  results  have 
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been  obtained  in  tbe  attempt  to  measure  the  heat  of  the  stars  with  the 
tasimeter.  The  use  of  this  instrument  would  be  vastly  simplified  if  it 
was  placed  on  a  solid  pier  near  the  ground,  was  not  moved  during  the 
observation,  and  could  be  perfectly  protected  from  other  changes  ot 
temperature  than  those  which  it  was  intended  to  measure. 

As  either  of  the  problems  proposed  above  would  occupy  the  time 
of  a  telescope  for  at  least  one  year,  it  is  obvious  that  there  could  be 
no  difficulty  in  keeping  such  an  instrument  occupied  indefinitely. 

The  horizontal  mounting  is  especially  adapted  to  an  elevated  position, 
and  would  permit  the  use  of  a  telescope  where  an  equatorial  mounting 
would  be  quite  impracticable.  On  the  other  hand,  to  an  amateur,  or 
for  purposes  of  instruction,  an  instrument  which  could  be  set  quickly 
from  one  object  to  another,  and  where  the  observers  need  not  be  ex- 
posed to  the  cold,  would  offer  many  advantages.  The  impossibility 
of  observing  far  from  the  meridian  would  be  less  important  with  a 
large  instrument,  where  the  number  of  objects  to  select  from  is  very 
great. 

There  are  certain  purposes  to  which  this  mounting  could  not  be 
advantageously  applied.  The  study  of  close  double  stars  and  other  ob- 
jects requiring  long  examination  and  very  perfect  definition  could  be 
better  left  to  other  instruments.  The  sun,  moon,  and  planets  can  also 
generally  be  better  observed  off  the  meridian.  If,  however,  the  entire 
time  of  an  instrument  can  be  employed  to  advantage,  and  it  can  col- 
lect several  times  as  much  material  as  an  instrument  of  the  usual  form, 
it  is  no  evidence  against  its  trial  that  there  are  certain  problems  to 
which  it  cannot  be  advantageously  applied. 

The  working  force  required  for  such  an  instrument  should  consist 
of  at  least  one  observer,  an  assistant  to  record,  and  a  number  of  copy- 
ists and  computers  to  prepare  the  working  lists,  reduce  the  observations, 
prepare  them  for  the  press,  and  read  and  check  the  proof-sheets.  A 
large  volume  of  valuable  observations  could  thus  be  produced  every 
year,  which  would  require  at  least  double  the  time  and  money  to  pro- 
duce by  the  same  telescope  mounted  equatorially.  The  difference  in 
the  amount  of  work  will  be  evident  when  we  compare  the  number  of 
objects  observed  with  a  transit  instrument  per  night,  with  those  ob- 
Kerved  with  an  equatorial.  A  hundred  objects  in  various  declinations 
might  be  examined  in  a  single  evening,  while  it  is  seldom  that  the 
same  number  could  be  identified  and  measured  by  an  equatorial  in  a 
week. 
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Our  knowledge  of  the  cause  of  variation  in  the  light  of  certain  of 
the  fixed  stars  must  be  derived  largely  from  the  curves  showing  the 
intensity  of  their  light  at  any  given  time.  Two  methods  may  be  em- 
ployed for  determining  the  form  of  these  light-curves,  as  they  are 
called.  First,  that  proposed  by  Argelander,  in  which  the  variable  is 
compared  by  the  eye  with  some  adjacent  stars  of  nearly  equal  bright- 
ness. The  difference,  if  any,  is  estimated  in  terms  of  a  small  unit  called 
a  grade,  which  nearly  equals  a  tenth  of  a  magnitude.  A  discussion 
of  the  entire  series  of  measures  serves  to  determine  the  light  of  the 
comparison  stars,  and  to  reduce  all  the  measures  to  a  scale  of  grades. 
This  method  is  so  simple,  and  gives  results  of  such  precision,  that  it  has 
heretofore  been  almost  exclusively  used.  For  determining  the  form 
of  the  curve  qualitatively,  and  the  times  of  maximum  and  minimum 
light,  this  method  leaves  little  to  be  desired.  For  a  quantitative  study 
of  these  curves,  however,  we  must  reduce  the  scale  of  grades  to  light 
ratios  by  photometric  measures  of  the  comparison  stars.  If,  mean- 
while, any  of  the  comparison  stars  vary  in  light,  errors  are  introduced 
which  cannot  be  eliminated,  and  these,  with  the  errors  in  the  photometric 
measures,  are  likely  to  greatly  exceed  the  errors  in  determining  the  form 
of  the  light-curve.  The  second  method  consists  in  a  photometric  meas- 
urement of  the  light  of  the  variable  at  different  times,  and  thus  deter- 
mining directly  the  form  of  its  light-curve.  Although  the  errors  in 
the  final  results  in  the  second  method  may  be  no  larger  than  in  the  first, 
yet  they  are  rendered  much  more  conspicuous,  so  that  hitherto  no 
very  satisfactory  light-curves  have  been  obtained  in  this  way.    Ou  the 
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other  hand,  a  photometric  measure  has  a  great  advantage  on  the  score 
of  independence,  as  it  may  be  repeated  many  times  in  succession  in  a 
single  evening.  An  observer  cannot  repeat  a  naked-eye  comparison 
many  times  without  being  prejudiced  in  the  later  measures  by  those 
which  have  preceded  them. 

The  photometer  used  in  the  following  measurements  is  essentially  the 
same  as  that  described  in  volume  zi.  of  the  Annals  of  the  Harvard  Col- 
lege Observatory,  p.  4,  figs.  1  and  2.  A  double-image  prism  is  placed 
between  the  object-glass  and  eyepiece  of  a  telescope,  and  in  front  of  the 
eyepiece  a  Nicol  prism  is  inserted.  A  circle  divided  into  degrees 
serves  to  show  the  angle  through  which  the  Nicol  is  turned.  Two  ad- 
jacent stars  may  be  compared  by  this  instrument  with  great  accuracy. 
Two  images  of  each  will  be  formed  by  the  double-image  prism,  and 
their  relative  brightness  varied  at  will  by  turning  the  Nicol.  Each 
image  in  turn  will  disappear  when  the  Nicol  is  revolved  90°.  There 
will  therefore  always  be  four  positions  in  which  the  brighter  image 
of  the  fainter  star  will  be  precisely  equal  to  the  fainter  image  of  the 
brighter  star. 

P  Persei. 

The  measurements  of  /?  Persei  were  made  by  comparing  it  with  *> 
Per$ei,  a  fifth  magnitude  star  907  distant.  The  two  images  were 
formed  by  two  Bochon  prisms,  which  produced  a  separation  of  about 
1007.  It  was  therefore  necessary  that  they  should  be  placed  very 
near  the  object-glass  of  the  telescope,  in  order  that  the  images  of  the 
two  stars  should  be  near  together.  The  focal  length  of  the  telescope 
is  about  seventeen  inches,  and  its  available  aperture  is  limited  by  the 
size  of  the  prisms  to  about  an  inch.  A  larger  aperture  would  be 
preferable,  but  is  not  very  important  on  account  of  the  brightness  of 
the  stars.  The  telescope  is  placed  horizontally  with  a  right-angled  re- 
flecting prism  in  front  of  the  object-glass.  The  line  of  sight  is  there- 
fore horizontal,  even  when  objects  in  the  zenith  are  observed,  and 
the  stars  are  followed  by  rotating  the  telescope  around  its  axis,  and 
also  by  turning  the  stand  around  a  vertical  axis.  The  four  images 
are  placed  in  line,  and  the  two  central  ones,  which  are  compared,  are 
reversed  by  moving  the  prisms  to  and  from  the  object-glass  by  a  handle 
attached  to  the  tube  carrying  them.  This  reversal  was  essential, 
and  was  always  made  after  the  second  setting  in  each  set  Errors 
due  to  the  position  of  the  images  are  thus  completely  eliminated.  As 
the  two  images  are  seen  on  tho  same  background  under  precisely  the 
same  conditions,  many  sources  of  error  are  eliminated.     The  conven- 
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ient  position  of  the  observer,  the  line  of  sight  being  always  horizontal, 
also  conduces  to  the  accuracy  of  the  measures.  Owing  to  the  low 
power  used  (about  nine  diameters),  clockwork  was  not  needed,  the 
stars  being  occasionally  brought  back  to  the  centre  of  the  field  as  they 
moved  away.  The  readings  were  wholly  independent,  as  it  was  quite 
impossible  to  distinguish  the  images  of  the  two  stars  when  brought 
nearly  to  equality. 

The  four  positions  of  the  Nicol,  in  which  the  images  appeared  to  be 
equal,  were  read  by  the  graduated  circle  to  tenths  of  a  degree.  This 
was  repeated  three  times,  so  that  twelve  settings  constituted  a  single 
set.  Successive'  sets  were  commonly  taken  by  different  observers, 
but  when  one  observer  only  was  present  he  generally  took  care  to 
leave  the  instrument  for  a  minute  or  so  between  the  sets,  so  that  the 
same  sources  of  error  should  not  recur.  Three  observers  took  part  in 
the  work,  Mr.  Arthur  Searle,  Mr.  0.  C.  Wendell,  and  myself.  They 
will  be  designated  by  the  initials  S.,  W.,  and  P. 

Observations  were  made  on  thirteen  nights,  from  Sept.  29,  1880,  to 
Jan.  1,  1881,  and  will  be  detailed  in  a  future  volume  of  the  Annals  of 
the  Observatory.  The  total  number  of  sets  was  230,  containing  2,748 
settings,  two  of  the  sets  being  incomplete.  Twenty-eight  sets  were 
taken  when  the  nearest  minimum  was  five  hours  or  more  distant. 
They  serve  to  determine  the  full  brightness  of  the  variable.  Twelve 
sets  by  Mr.  Searle  give  the  excess  in  brightness  of  ft  over  o>  of  2.45 
magnitudes ;  five  by  Mr.  Wendell  give  2.68 ;  and  twelve  by  myself 
give  2.67.  As  these  results  are  confirmed  by  the  other  observations, 
we  may  conclude  that  o>  appeared  brighter  or  /?  fainter  to  Mr.  Searle 
than  to  the  other  observers  by  about  0.22  magnitudes.  All  of  his 
measures  have  been  corrected  by  this  amount  to  reduce  all  to  the 
same  system.  Fifty  sets,  or  six  hundred  readings,  were  obtained  on 
Oct.  7,  extending  almost  continuously  from  quarter* of  seven  in  the 
evening  to  half-past  three  of  the  following  morning.  On  Oct.  10, 
nineteen  sets  were  obtained  from  half-past  six  until  nearly  eleven, 
when  clouds  prevented  further  measures.  On  Nov.  2,  forty-two  sets 
were  taken  between  six  o'clock  and  midnight  On  Nov.  19,  fifteen 
sets  were  obtained ;  on  Nov.  22,  thirty-three ;  on  Dec.  9,  fourteen ; 
on  Dec.  22,  nine;  and  on  Jan.  1,  twenty-eight.  On  Nov.  19,  the 
observations  of  Mr.  Searle  appeared  to  differ  from  the  results  of 
the  other  observers  by  about  three  tenths  of  a  magnitude,  even  after 
applying  the  correction  of  0.22  magnitudes  noted  above,  or  without 
this  correction  they  differed  about  half  a  magnitude.  The  reduction 
was  first  made  retaining  these,  but  they  introduced  so  large  a  discord- 
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ance  that  the  entire  redaction  has  been  repeated,  rejecting  them.  No 
explanation  can  be  offered  for  this  difference,  which  occurs  in  nine 
sufficiently  accordant  sets.  As  the  alternate  observations  of  Mr. 
Wendell  on  the  same  evening  agreed  with  the  results  of  the  other 
evenings,  the  effect  seems  to  be  due  to  the  observer,  and  not  to  a  vari- 
ation of  the  star.  The  remaining  observations  have  been  arranged  in 
groups  according  to  the  time  preceding  or  following  the  minimum. 
Each  group  extends  over  half  an  hour,  the  computed  minimum  being 
the  middle  of  one  group.  The  first  and  last  group  extend  from  255 
to  345,  the  observations  being  more  scattering.  The  results  derived 
from  these  groups  are  given  in  Table  I.  The  first  column  gives  the 
mean  of  the  times  before  or  after  the  computed  minimum.  The  latter 
was  taken  from  the  Annuaire  of  the  Bureau  des  Longitudes,  1880, 
p.  78,  which  depends  on  the  formula  given  by  Schonfeld,*  Ep.  E  = 
1867  Jan.  0*  llh  1.2m  M  Z  Paris  +  2d  20h  48.9m  (E  —  8534).: 

The  second  column  gives  the  number  of  sets  in  each  group,  and  the 
third  the  mean  of  the  observed  magnitudes.  The  points  defined  by 
these  times  and  magnitudes  were  then  plotted  on  rectangular  paper, 
and  a  smooth  curve  drawn  nearly  through  them.  Various  precautions 
were  taken  to  avoid  small  irregularities  in  this  curve.  The  ordinates 
were  read  off,  and  the  residuals  computed  from  straight  lines  nearly 
tangent  to  the  curve.  These  were  plotted  in  turn,  and  the  smooth 
curve  drawn  through  them  served  to  correct  the  original  curve.  The 
discussion  of  the  rate  of  change  in  the  light  and  of  the  true  time  of 
minimum,  given  below,  also  furnished  small  corrections,  so  that  the 
curve  should  not  only  pass  nearly  through  the  observed  points,  but 
should  undergo  no  sudden  change  in  its  direction  or  curvature.  The 
ordinates  of  the  final  curve  are  given  in  the  fourth  column,  and  the 
deviations  of  the  observations  from  them  in  the  fifth  column. 

An  inspection  of  this  table  shows  that  the  observed  minimum  pre- 
cedes that  given  by  computation  by  more  than  half  an  hour.  To 
determine  the  exact  time  of  minimum,  we  must  find  the  mean  of  the 
times  when  the  light  is  equal.  If  the  light  curve  was  symmetrical, 
each  of  these  means  would  equal  the  true  minimum.  Suppose  that 
points  are  constructed  with  abscissas  equal  to  the  mean  times,  and 
ordinates  to  the  corresponding  light.  Suppose  that  a  smooth  curve  is 
drawn  through  these  points,  and  extended  to  the  point  whose  ordinate 
equals  the  light  at  the  minimum.     The  abscissa  of  this  point  will  give 


*  Sechaunddreitsigster  Jahresbericht  des  Mannheimer  Vereins  fur  Natur- 
kunde,  p.  94. 


874 


PROCEEDINGS  OF  THE  AMERICAN  ACADEMY 


TABLE  I. — Light  Cubvb  of  p  Pbbsbi. 


Tim*. 

No. 

Obf. 

Ourr*. 

0—C. 

^^^ 

28 

2.67 

2.67 

.00 

—  278 

8 

2.68 

2.67 

+  .01 

280 

10 

2.66 

2.68 

—  .02 

211 

10 

2.50 

2.48 

+  .02 

181 

9 

2.29 

281 

—  .02 

161 

11 

2.15 

2.14 

+  .01 

117 

9 

1.94 

1.92 

—  .02 

90 

11 

1.76 

1.76 

—  .01 

69 

11 

1.68 

1.66 

+  .02 

—  29 

11 

1.64 

1.64 

.00 

+   1 

17 

1.70 

1.70 

.00 

29 

12 

1.86 

1.83 

+  .02 

68 

9 

1.98 

2.00 

—  .02 

91 

12 

219 

2.17 

+  .02 

122 

10 

2.29 

2.80 

—  .01 

149 

11 

2.89 

2.40 

—  .01 

179 

10 

2.62 

2.60 

+  .02 
+  .01 

212 

10 

2.69 

2.68 

289 

6 

2.60 

2.68 

—  .03 

+  275 

6 

2.66 

2.66 

.00 

221 

±.013 

the  true  minimum.  Table  II.  gives  for  the  various  magnitudes  con- 
tained in  the  first  column  the  corresponding  times  at  which  the  star 
attains  this  brightness  during  decrease  and  increase  in  the  second 
and  third  column.  The  mean  of  these  times  is  given  in  the  fourth 
column. 


TABLE  H  — Timb  of  Minimum. 


Magn. 

Dm. 

Inc. 

M«n. 

2.6 

—  246 

1-221 

—  12  5 

2.5 

—  218 

-180 

—  19.0 

2.4 

—  196 

-148 

—  24.0 

2.3 

—  177 

-122 

—  27.6 

22 

—  161 

-  99 

—  31.0 

2.1 

—  145 

-  80 

—  82.6 

2.0 

—  181 

-  68 

—  84.0 

1.9 

—  114 

-  45 

—  84.5 

1.8 

—  97 

h  24 

—  86.6 

1.7 

—  76 

-  1 

—  87.6 

1.68 

—  70 

—   6 

—  87.6 

1.66 

—  60 

—  18 

—  86.5 

From  the  above  table  we  see  that  the  true  time  of  minimum  pre- 
ceded that  given  in  the  ephemeris  by  about  thirty-seven  minutes.    An 
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ephemeris  given  by  Dr.  Schonfeld  *  for  the  present  year  differs  by 
thirty-five  minutes  from  his  formula,  or  agrees  within  two  minutes 
with  the  result  of  the  present  observations.  The  writer  has  shown 
in  another  place  f  that  observations  show  a  deviation  from  Schonfeld's 
formula  of  twenty-nine  minutes  at  the  end  of  1878,  and  that  this 
deviation  is  increasing  at  the  rate  of  about  three  minutes  a  year, 
which  would  also  give  a  correction  of  thirty -five  minutes. 

Any  portion  of  the  observations,  as  those  of  a  single  observer,  or  of 
one  evening,  would  in  general  be  better  satisfied  by  moving  the  curve 
horizontally,  or  by  assuming  a  different  time  of  minimum.  We  wish, 
therefore,  to  know  what  correction  t  to  the  minimum  is  indicated  by 
such  observations.  Let  R  equal  the  residual  found  by  subtracting 
the  value  given  by  the  assumed  curve  from  that  found  by  observation, 
and  let  r  equal  the  residual  when  the  minimum  is  altered  by  t.  Also, 
let  a  equal  the  differential  coefficient  of  the  light  in  terms  of  the 
time,  or  the  change  of  the  light  in  magnitudes  per  minute.  Then 
It  =  r  +  at,  in  which  r  and  t  are  unknown.    Solving  with  regard  to  I, 

R  r 
we  obtain,  t  = .  The  weight  to  be  assigned  to  such  a  deter- 
mination of  t  will  be  proportional  to  a,  since  the  errors  are  almost 
entirely  due  to  erroneous  determinations  of  the  light,  the  error  in 
the  time  being  wholly  insensible.  Accordingly  the  effect  on  t  of  an 
error  of  a  hundredth  of  a  magnitude  will  be  inversely  as  the  rate  of 
change  of  the  light,  or  the  weight  should  be  proportional  to  a.  What- 
ever the  sign  of  a,  the  weight  must  always  be  positive.  Multiplying 
the  above  value  of  t  by  *a,  we  have  a<  =  ±  J?  ±  r,  in  which  q,  is 

positive,  and  the  signs  of  R  and  r  will  always  be  those  of  —  and . 

Taking  the  sum  of  all  these  equations,  we  obtain  Sot  =  A  J?  —  Ar,  in 
which  2  denotes  the  arithmetical  sum  of  all  the  separate  values, 
A  their  algebraic  sum,  taking  into  account  the  signs  assigned  them 
above.  But  %ti  =  ;2a,  since,  although  t  is  unknown,  it  is  the  same 
for  all  the  observations.  Again,  Ar  =  0,  since  the  separate  values 
of  r  are  arranged  according  to  accident.     Therefore,  tl&a  =  Ai?,  or 

AR 

t  =  — - .     The  computation  is  made  by  taking  the  algebraic  sum  of 

all  values  of  R  after  changing  the  signs  of  those,  in  which  a  is  nega- 
tive, and  dividing  the  result  by  the  arithmetical  sum  of  all  the  values 
of  a. 


*  Viertejjahrttchrift,  xt.  14.         t  Proceedings  American  Academy,  xvi.  3d 
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The  probable  error,  e,  of  the  resultant  value  of  t  may  be  found 
from  n,  the  number  of   residuals,   their   magnitudes   r,  and   their 

T 

weights  a.     The  value  of  each  expressed  in  minutes  will  be  -,  but 

T 

Bince  a  weight  of  a  should  be  assigned  to  it,  we  must  write  a  X  -  =  r . 

The  sum  of  all  these  terms  will  be  2r,  and  the  sum  of  their  weights 

m           ,    .,                   .„    ,                                  0.845  2r  __, 

2a.     The  probable  error  will  therefore  be,  e  =     , .- — .     We  can- 

not  determine  2r  directly,  since  r  has  not  been  computed.     If  t  is  not 
very  large,  2i?  will  not  greatly  exceed  2r ;  we  shall  not  therefore 

0.845  2R 
cause  a  large  error  if  we  write  e  =     . — .     The  probable  error 

<y  m  —  1  2a 

thus  found  will  be  somewhat  too  large,  so  that  the  substitution  from 
which  it  results  cannot  exaggerate  the  accuracy  of  the  observations. 

—  equals  the  average  deviation  D,  and  if  n  is  large  we  may  write 

0.845  a/uD 

•= 5T— 

To  apply  this  method  we  must  determine  the  values  of  R  and  a 
corresponding  to  each  set.  The  light  corresponding  to  the  time  of 
each  observation  was  read  off  from  the  light  curve,  and  subtracted 
from  the  observed  brightness.  The  value  of  a  was  determined  as 
follows :  A  silk  thread  was  kept  stretched  perfectly  straight  by  making 
it  the  string  to  a  bow  of  whalebone.  It  was  then  laid  upon  the  curve 
so  as  to  be  tangent  in  turn  to  the  points  whose  abscissas  differ  by 
twenty-five  minutes.  The  ordinates  of  the  points  where  the  thread 
intersected  two  vertical  lines,  whose  abscissas  differed  one  hundred 
minutes,  were  next  read.  The  difference  in  these  ordinates,  divided 
by  one  hundred,  gave  the  change  in  magnitude  per  minute  or  a. 
Table  III.  gives,  in  the  first  and  second  columns,  the  corresponding 
times  and  values  of  a  derived  in  this  way,  from  the  portion  of  the 
light  curve  preceding  the  minimum.  Points  were  next  plotted  with 
the  times  as  abscissas,  and  the  values  of  a  as  ordinates,  and  a  smooth 
curve  drawn  through  them.  The  ordinates  of  this  curve  are  given 
in  the  third  column,  and  the  residuals  found  from  the  observed  values 
of  a  in  the  fourth  column.  The  close  agreement  testifies  to  the 
smoothness  of  the  curve  and  the  precision  of  the  measures.  From 
the  curve  thus  found,  the  values  of  a  were  read  for  each  set  The 
last  three  columns  correspond  to  the  portion  of  the  curve  following 
the  minimum. 
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TABLE  III.  —  Rate  of  Changs  in  Light. 


Time. 

Decreasing. 

Increasing. 

Obs. 

Curro. 

0  —  C. 

Obs. 

Curre. 

O  —  C. 

300 

276 

250 

225 

200 

175 

150 

126 

100 

75 

50 

25 

0 

—  .0030 

—  .0037 

—  .0054 

—  .0058 

—  .0064 

—  .0063 

—  .0056 

—  .0036 

—  .0011 
+  .0008 
+  .0036 

.0000 

—  .0014 

—  .0027 

—  .0040 

—  .0051 

—  .0059 

—  .0063 

—  .0068 

—  .0066 

—  .0036 

—  .0013 
+  .0010 
+  .0034 

—  .0003 
+  .0008 

—  .0003 
+  .0001 

—  .0001 
.0000 
.0000 
.0000 

+  .0002 

—  .0002 
+  .0002 

-.0020 
-.0026 
-.0031 
-.0085 
-.0041 
-.0048 
-.0059 
-.0054 
-.0046 

XKXX) 
k.0007 
-.0013 
-.0019 
-.0026 
-.0031 
-.0038 
-.0046 
-.0060 
-.0054 
-.0054 
-.0046 

+  .0001 

—  .0001 
.0000 

—  .0008 

—  .0004 

—  .0002 
+  .0005 

.0000 
.0000 

This  table  also  affords  a  method  of  determining  the  point  of  mini- 
mum light.  At  this  point  the  rate  of  change  should  be  zero,  or  should 
change  from  positive  to  negative.  This  evidently  occurs  between  the 
times  50  and  25  minutes.  Interpolating  with  the  values  given  in 
either  the  second  or  third  column  gives  for  the  exact  time  36  minutes. 
This  value  agrees  closely  with  37  minutes,  the  value  derived  above  from 
the  points  of  equal  light.  The  best  method  of  determining  the  time 
of  beginning  and  ending  of  the  variation  in  light  is  from  this  same 
table.  It  will  necessarily  be  subject  to  considerable  error,  since  the 
observed  curve  must  be  extended  according  to  the  judgment  of  the 
observer.  The  times  —  300  and  -|-  300  have  been  found  in  this 
way.  In  other  words,  the  star  begins  to  diminish  about  263  minutes 
before  the  minimum,  and  does  not  recover  its  original  brilliancy  until 
337  minutes  after.  The  most  rapid  diminution  would  occur  at  — 140 
or  100  minutes  before  the  minimum.  The  variation  would  be  then 
0.0064  per  minute. 

The  most  rapid  increase  would  occur  at  100  minutes  after  the  min- 
imum, and  would  amount  to  0.0055  magnitudes  per  minute. 

In  Table  IV.  the  values  of  R  and  a  are  arranged  in  groups.  A 
current  number  in  the  first  column  is  followed  in  the  second  by  the 
condition  determining  the  groups.  The  next  columns  give  the  number 
of  sets  of  twelve  readings  each,  the  arithmetical  sum  of  the  values  of  a, 
the  arithmetical  sum  of  the  residuals,  and  their  algebraic  sum,  giving  to 
each  the  sign  of  R  divided  by  a.  The  seventh  column  gives  the  cor- 
rection to  the  assumed  minimum  found  by  dividing  the  sixth  column 
by  the  fourth.     The  eighth  column  gives  the  probable  error  of  the 
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resulting  time,  or 


0.845  2ft 


The  last  column  but  one  gives  the 


y'w  —  1  la 

average  residuals,  or  the  fifth  column  divided  by  the  third.  The  last 
column  gives  the  average  deviation  of  the  three  sets  of  four  readings 
each,  of  which  the  sets  of  twelve  readings  are  composed.  It  serves  to 
show  the  accordance  of  the  successive  readings. 

The  first  seven  lines  give  the  results  for  the  seven  minima  which 
were  observed.  The  next  three  lines  group  together  all  the  observa- 
tions of  each  observer.  Lines  11  and  12  place  together  all  those  in 
which  the  light  is  decreasing,  and  those  in  which  it  is  increasing.  The 
results  of  all  these  sets  is  given  in  line  13.  The  rejected  sets  obtained 
on  Nov.  1 9  are  given  in  line  14.  Line  15  groups  those  in  which  the  star 
has  its  full  brilliancy,  or  when  the  nearest  minimum  was  more  than 
five  hours  distant  The  last  line  gives  the  results  of  lines  13  and  15, 
or  the  entire  series,  excepting  those  of  Nov.  19.  A  set  taken  Oct.  7 
is  also  included,  which  was  taken  so  near  the  minimum  that  a  was 
sensibly  equal  to  zero.  For  this  reason  line  16  is  not  exactly  equal  to 
the  sum  of  lines  13  and  15. 


TABLE  IV.  —  Comparison  of  Results. 


No. 
1 

Group. 

• 

No. 
Sets. 

Xa 

XR 

• 

Aft 

AK 
Xa 

Prob. 
Err. 

At. 
BotkL. 

At. 

Der. 

Oct.     7 

49 

.1937 

4.00 

—0.62 

—  8.2 

2.5 

.081 

.060 

2 

'•    10 

19 

.0837 

2.30 

+0.28 

.     +  3.6 

6.5 

.121 

.047 

3 

Not.    2 

43 

.1284 

2.64 

—0.60 

—  6.0 

2.7 

.061 

.066 

4 

"    19 

6 

.0335 

0.27 

—0.11 

—  8.6 

8.0 

.046 

.056 

5 

"    22 

83 

.1362 

3.32 

+2.28 

4-o.li 

+17.5 
+  3.6 

2.6 

.001 

.083 

6 

Dec.    9 

13 

.0353 

1.01 

7.0 

;078 

.078 

7 

28 

.1214 

2.47 

—0.03 

—  0.2 

3.3 

.088 

.067 

8 

Obs.  of    P. 

86. 

.3103 

6.33 

—0.35 

—  1.2 

1.9 

.078 

.068 

9 

„         S. 

45 

.1864 

6.30 

+1.94 

+10.4 

2.9 

.117 

.085 

10 

n          W. 

60 

.2355 

4.38 

—0.28 

—  1.2 

2.0 

.073 

.067 

11 

Decrease  . . 

81 

.3342 

7.27 

+0.17 

+  0.6 

2.1 

.089 

.066 

12 

Increase    . . 

110 

.3980 

8  74 

+1.14 
+1.31 

+  2.9 

1.6 

.079 

.066 

13 

Total 

191 

.7822 

16.01 

+  1.8 

1.3 

.083 

.066 

14 

Nov.  19.  S. 

9 

.0385 

3.55 

—8.66 

I—  92.2] 

[27.8] 

1.894] 
.108* 

.092 

15 

Full  Light.. 

28 

.0000 

8.04 

+0.06 

— 

.068 

16 

220 

.7822 

19.14 

+1.28 

^^m 

^^m 

.086 

.066 

The  observations  of  Nov.  22  show  a  large  correction  to  the  mini- 
mum. This  is  not  easily  explained  unless  the  deviation  is  real.  The 
measures  before  the  minimum  give  a  correction  of  + 15  minutes ; 
those  after,  of  +  18  ;  those  of  P.  alone,  +  26 ;  of  S.,  +-  14  ;  of  W., 
-f-  12.  As  the  probable  error  of  the  mean  result  is  only  2.6  minutes, 
and  a  nearly  equal  number  of  measures  were  made  on  each  side  of 
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the  minimum,  it  is  difficult  to  understand  what  instrumental  errors 
could  have  caused  the  deviation.  Including  this  minimum,  the  mean 
deviation  for  the  seven  nights  is  5.2  minutes,  or  excluding  the  obser- 
vations of  Nov.  22,  3.2  minutes,  the  corresponding  probable  error 
would  equal  4.7  and  3.0  minutes.  The  mean  of  the  probable  errors 
given  in  the  next  column  is  3.8  minutes.  This  compares  favorably 
with  the  results  of  naked-eye  observations.  Schmidt  *  gives  the  prob- 
able error  of  a  single  minimum  observed  by  Argelander  to  be  6.0 
minutes  ;  of  those  of  Schonfeld,  4.6  minutes ;  and  of  those  by  himself, 
8.0  minutes.  Probably  still  better  results  could  have  been  obtained 
photometrically  had  the  observations  been  designed  for  determining 
the  time  of  minima.  The  mean  of  the  whole  series  of  measures  would 
imply  a  correction  to  the  adopted  curve  of  -J-  1.8  minutes,  with  a 
probable  error  of  1.3  minutes.  But  if  the  observations  of  Nov.  22  are 
rejected,  the  correction  becomes  — 1.6  minutes.  It  therefore  seems 
better  to  retain  the  correction  to  the  ephemeris  of  37  minutes,  already 
adopted. 

We  have  now  a  means  of  determining  more  precisely  the  constant 
difference  between  the  different  observers.  The  differences  so  far  as- 
sumed are,  P  =  0.00,  S  =  —  0.22,  and  W  =  0.00  magnitudes.  If 
either  observer  had  taken  an  equal  number  of  observations  before  and 
after  the  minimum,  —  or  more  strictly,  if  the  weight  of  his  observa- 
tions before  and  after  the  minimum  were  equal,  —  an  error  in  this 
correction  would  not  affect  the  result.  It  would,  however,  very  slightly 
exaggerate  the  residuals,  and  consequently  the  probable  errors.  If 
these  personal  differences  were  zero,  the  algebraic  sum  of  the  residuals 
of  each  observer  should  be  zero.  In  fact,  their  values  for  the  three  ob- 
servers are,  for  P  =  —  2.43,  for  S  =  +  1.66,  and  for  W  =  +  1 .84. 
As  the  total  number  of  sets  in  the  three  cases  are  98,  57,  and  64,  we 
obtain  by  division  the  deviations  —  0.02,  +  0.03,  and  -}-  0.03.  Com- 
bining with  these  the  correction  of  0.22  already  derived  from  Mr. 
Searle's  observations  of  the  full  light  of  the  variable,  we  find  that 
the  correction  required  to  reduce  his  measures  to  mine  is  -f-  0.17,  and 
to  reduce  Mr.  Wendell's  —  0.05,  magnitudes.  The  effect  of  these 
changes  on  the  final  result  would  probably  be  wholly  insensible. 

Line  14  of  the  above  table  shows  clearly  that  the  observations  of 
Nov.  19  should  be  rejected.  They  would  indicate  an  error  of  an  hour 
and  a  half  in  the  minimum,  if  the  deviations  were  not  so  large  that  the 
present  method  could  not  be  applied. 

*  Astron.  Nach.,  lxxxvii.  204. 
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A  comparison  may  now  be  made  with  the  light-curve  given  by 
Schonfeld  in  the  paper  cited  above.  As  has  been  already  stated,  the 
great  difficulty  lies  in  deciding  what  brightness  shall  be  assumed 
for  the  comparison  stars.  In  a  previous  article,*  the  light  of  these 
stars  in  grades  assumed  by  Schonfeld  have  been  reduced  by  means  of 
the  formula  L  =  8.446  -(-  0.025  g,  in  which  L  gives  the  light  and  g 
the  number  of  grades.  This  formula  is  derived  from  a  comparison 
with  the  measurement  of  the  comparison  stars  by  Seidel  and  Wolff. 
These  stars  have  since  been  measured  with  the  meridian  photometer 
of  the  Harvard  College  Observatory.  Each  star  has  been  observed 
on  the  average  on  ten  nights. 

Three  methods  of  reducing  the  grades  of  Schonfeld  by  these  stars 
may  be  used.  We  may  adopt  the  formula  given  above,  which  was 
found  by  a  least  square  solution  of  the  measures  of  Seidel  and  Wolff*. 
Secondly,  we  may  apply  the  method  of  least  squares  to  the  Harvard 
College  Observatory  measures,  and  deduce  the  formula  most  nearly 
satisfying  them.  This  gives  the  value  of  one  grade  in  logarithms 
equal  to  0.029.  In  both  these  cases  we  have  assumed  that  the  value 
of  a  grade  is  the  same  for  bright  and  for  faint  stars,  and  that  the  devi- 
ations are  due  to  accidental  errors,  or  to  variations  which  have  taken 
place  in  the  light  of  the  stars.  As  a  third  method,  we  may  draw  a 
curve  through  the  points  whose  co-ordinates  equal  the  light  in  grades 
and  the  measured  brightness,  and  reduce  the  grades  by  means  of  this 
curve.  We  now  assume  that  the  errors  are  unimportant,  but  that  the 
grade  varies  in  different  parts  of  the  scale. 

Table  Y.  gives,  in  successive  columns,  the  name  of  the  star,  its 
light  in  grades,  the  number  of  nights  on  which  it  has  been  observed 
at  Cambridge,  the  resulting  magnitude,  the  probable  error,  and  the 
logarithm  of  the  light,  adopting  the  same  unit  as  that  of  Seidel.  Ob- 
servations of  P  Persei  have  been  included  in  this  list,  excluding  those 
made  within  a  few  hours  of  its  minimum.  Three  columns  of  residuals 
exhibit  differences  between  the  measures  of  Seidel,  of  Wolff,  and  of 
the  Harvard  College  Observatory,  and  the  values  computed  by  the 
formula  L  =  8.446  -|-  0.025  g.  The  next  column  gives  the  H.  C. 
measures  reduced  to  logarithms,  minus  those  given  by  the  formula 
8.391  -f-  0.029  g.  The  last  column  gives  the  difference  between  the 
measures  of  the  stars  and  the  values  of  their  light  derived  from  the 
smooth  carve. 


*  Proa  Am.  Acad.,  x?i.  21. 
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The  last  two  lines  give  the  mean  results  in  logarithms  and  in  mag- 
nitudes. 

TABLE  V.  —  Comparison  Stars  of  p  Pbrsei. 


Name. 


y  Androiuedae . 

J9  Persei 

i   Auriga 

fi  Arietis 

t  Persei 

y  Persei 

0  Trianguli. . . 

9  Persei 

a  Trianguli  . . . 
v  Persei 


Gr. 


23.4 

20  8 

17.3 

16.7 

12.8 

10.9 

9.1 

7.8 

3.6 

0.9 


No. 
Nights. 


11 
13 
3 
12 
10 
10 
14 
11 
12 
10 


Mag. 


1.89 
2.05 
2.40 
2.48 
2.76 
2.86 
2.86 
2.90 
3.26 
3.71 


P.E. 


.05 
.03 
.12 
.05 
.06 
.03 
.04 
.05 
.06 
.06 


Log. 


S-C.  I  W-C. 


9.085 
9.021 
8.881 
8.849 
8.741 
8.701 
8.697 
8.681 
8.637 
8.357 


+.007 

—.181 
-f.038 
+.034 
—.019 
-f.042 
+.100 
—.003 


—.010 

—.075 
—.002 
—.020 
—.027 
+.042 
+.053 
+.054 
—.033 


HC-C 


+.054 
-  -.045 
--.003 
—.016 
—.025 
—.017 
+.023 
+.040 
+.003 
—.111 


ho  a 


+.015 
+.017 
—.011 
—.027 
—.021 
—.006 


RC- 
Curre. 


.000 

.000 

.000 

— .006 

—.002 

—.007 


+.042I+.003 
+.0641+011 


—.016 
—.060 


—.001 
.000 


Mean  in  logarithms 
Mean  in  magnitudes 


+.020 
".05 


-.052 

:.i* 


-.045 


+.034 
dt08 


.028 
.07 


+.003 
+.01 


The  eighth  and  ninth  columns  show  that  the  agreement  of  our 
measures  with  the  estimates  of  Schonfeld  is  hotter  than  that  of  either 
Seidel  or  Wolff.  This  is  the  case  even  when  the  value  of  g  is  de- 
rived from  the  measures  of  these  observers.  The  last  column  shows 
that  a  curve  could  be  made  to  follow  the  observations  almost  exactly, 
the  small  deviations  being  allowed  rather  than  that  too  sharp  a  change 
of  curvature  should  be  given  to  the  curve. 

The  form  of  light-curve  deduced  from  the  above  measures  is  shown 
in  Table  VI.  The  first  column  gives  the  time,  and  the  second  the 
corresponding  magnitude,  found  by  reading  the  ordi nates  of  the  curve 
drawn  through  the  observed  points  as  described  above.  A  correction 
to  the  ephemeris  of  thirty-seven  minutes  in  the  time  of  minimum 
is  assumed,  and  the  points  correspond  to  intervals  of  thirty  minutes 
from  this  time.  The  logarithm  of  the  light  is  given  in  the  third 
column,  and  is  found  by  multiplying  the  magnitudes  by  0.4  and  sub- 
tracting 1.068.  The  relative  intensity  of  the  light  compared  with  the 
full  brightness  is  given  in  the  next  column.  The  observations  of 
Schonfeld  are  next  reduced  by  assuming  the  value  of  g  to  be  succes- 
sively 0.025  and  0.029  ;  and,  thirdly,  by  means  of  the  curve  described 
on  page  380.  The  residuals  in  the  last  three  columns  are  found  by 
subtracting  the  logarithms  given  in  the  third  column  from  these  three 
sets  of  values. 
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TABLE  VI.  —  Light  Curve  of  fi  Pbrsbi. 


Tin*. 


—  4 

4 


SO 
0 


8  80 
8   0 


80 
0 

80 
0 


2 

2 

1 

1 
—  0  80 

0   0 
+  0  30 

1 
2 
2 
8 


0 
80 

0 
80 

0 


8  80 


4 

4 

6 

+  6 


0 
80 

0 
80 


Mag. 


2.67 
2.67 
2.00 
2.60 
2.35 
2.18 
1.98 
J. 80 
1.68 
164 
1.68 
1.79 
1.94 
2.12 
2.26 
2.39 
2.48 
2.56 
2.68 
2.66 
2.67 


Log. 


0.000 
0.000 
.972 
.932 
.872 
.804 
.724 
.652 
.604 
.588 
.604 
.648 
.708 
.780 
.836 
.888 
.924 
.956 
.984 
.996 
0.000 


Light. 


1.000 
1.000 
.938 
.855 
.746 
.687 
.530 
.449 
.402 
.887 
.402 
.445 
.610 
.603 
.686 
.773 
.840 
.904 
.964 
.991 
1.000 


Sohftnftld. 


^=.026 


-  014 
—.002 
--.015 

-  -.042 

-  -.058 

-  -.057 
--.040 

-  -.082 

-  -.081 

-  -.031 
--.022 
--.017 
--.029 
--.038 

-  -.036 
--.036 
--.030 
--.016 
--.004 


^=.029 


—.016 
—.007 
+.007 
--.028 
--.036 
--.022 
—.009 
—.025 
—  080 
—.027 
—.081 
—.027 
—.002 
+.019 
--.023 
--.030 
--.028 
--.016 
--.004 


Carre. 


—.023 
—.018 
—.013 
—.012 
—.018 
—.014 
+.008 
--.010 
--006 
--.008 
—.004 
—.026 
—.051 
—.087 
—.012 
+.012 
--.022 
--.016 
--.004 


Mean  in  logarithms  , 
Mean  in  magnitudes. 


-.029 
:.07 


-.019 
1.06 


-.016 
:.04 


It  does  not  seem  to  be  practicable  to  obtain  at  present  more  accurate 
values  from  the  observations  of  Dr.  Schonfeld,  on  account  of  the  un- 
certainty in  the  value  of  a  grade.  The  observations  themselves  are 
much  more  precise,  and  determine  the  time  of  minimum,  as  has  been 
shown  above,  with  an  accuracy  nearly  equal  to  that  of  the  photometric 
measures.  Even  if  more  accurate  measures  of  the  comparison  stars 
should  be  made,  we  should  still  be  in  doubt  whether  to  assume  that  g 
is  constant,  or  that  the  reduction  should  be  made,  as  in  the  last  column, 
by  a  curve.  From  the  residuals  it  appears  that  the  various  deduced 
values  differ  from  each  other  more  than  they  differ  from  the  photo- 
metric measures.  It  accordingly  appears  scarcely  safe  to  correct  the 
latter  by  the  former.  The  three  values  of  the  minimum  correspond- 
ing to  the  last  three  columns  are  1.72,  1.56,  and  1.65  magnitudes,  their 
mean  agreeing  exactly  with  the  photometric  measure  of  1.64. 

It  is  to  be  noticed  that  the  value  of  g  =  0.029  is  confirmed  by 
the  photometric  measure  of  ft  Perseiy  since  the  residuals  are  less  than 
when  g  is  taken  equal  to  0.025.  A  wholly  independent  test  of  the 
accuracy  of  the  meridian  photometer  measures  is  thus  afforded.     Since 
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the  residuals  are  smallest  iu  the  last  column,  it  seems  probable  that 
the  value  of  a  grade  is  not  always  the  same. 

The  results  of  the  two  methods  agree  as  closely  as  would  be  expected, 
even  if  no  systematic  errors  increased  their  discordance.  The  residuals 
of  the  photometric  observations  indicate  a  probable  error  of  0.024  mag- 
nitudes for  each  group.  Assuming  an  equal  accordance  in  the  observa- 
vations  of  Schonfeld,  the  two  methods  should  differ  by  0.04,  or  by  the 
amount  found  in  Table  VI. 

DM.  81*25. 

The  variability  of  this  star  was  detected  by  M.  Ceraski,  of  Moscow, 
during  the  summer  of  1880.  It  was  soon  shown  that  it  belonged  to 
the  Algol  <class,  or  that  every  few  days  it  lost  a  large  portion  of  its 
light  for  several  hours ;  the  interval  in  the  case  of  this  star  is  somewhat 
less  than  two  days  and  a  half.  Measurements  of  its  light  were  made 
according  to  the  method  described  above  in  the  case  of  ft  Persei.  The 
photometer  was  attached  to  the  15-inch  telescope  of  the  Harvard  Col- 
lege Observatory,  since  as  much  light-gathering  power  as  possible  was 
desired,  owing  to  the  faintness  of  the  star.  The  same  observers  took 
part  in  the  work,  and  the  observations  were  made  in  the  same  way  as 
with  f3  Persei,  except  that  the  images  were  reversed  by  turning  the 
photometer  instead  of  by  moving  the  prism.  This-  could  be  done  very 
conveniently  by  a  pinion,  which  served  to  rotate  the  entire  tail-piece 
of  the  telescope.  The  prism  was  therefore  set  once  for  all,'  and  the 
images  reversed  and  separated  by  any  desired  amount  with  great  nicety 
by  turning  a  milled  head.  The  star  DM  81°26,  which  is  estimated 
in  the  Durchmusterung  to  be  of  the  9.5  magnitude,  and  is  nearly 
north  at  a  distance  of  5',  was  used  for  comparison.  DM.  81°30  would 
have  been  better  on  account  of  its  greater  brightness,  but  its  distance 
of  8'  is  so  great  that  both  images  could  not  be  easily  brought  together. 
The  large  angle  of  the  prisms  and  their  distance  from  the  object-glass 
rendered  the  light-pencils  divergent.  At  first  this  gave  much  trouble, 
but  it  was  remedied  by  placing  the  images  always  in  the  same  part  of 
the  field.  Two  cardboard  points  visible  against  the  background  of  the 
sky  secured  this  condition.  The  great  northern  declination  reduced 
the  errors  of  the  driving  clock  to  about  one  sixth  of  what  they  would 
be  for  an  equatorial  star. 

The  first  measures  to  determine  the  full  brightness  of  the  variable 
in  terms  of  that  of  the  comparison  star  were  made  on  February  6, 
1881.  On  the  following  evening  the  variable  attained  its  minimum  at 
about  half-past  eleven.  Forty  sets  or  four  hundred  and  eighty  set- 
tings were  obtained  between  a  quarter  past  six  and  half  past  ten.    The 
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later  observations  were  made  through  clouds  which  finally  stopped 
the  measurements.  On  February  17  seventy-five  sets  or  nine  hun- 
dred settings  were  obtained;  the  observations  extended  from  seven 
o'clock  in  the  evening  until  the  variable  had  regained  its  full  light,  at 
about  half-past  two  on  the  following  morning.  During  this  time  no 
interval  of  more  than  five  minutes  elapsed  during  which  an  observer 
was  not  comparing  the  two  images.  During  most  of  the  time  the  ob- 
servers took  sets  alternately,  so  that  there  was  only  an  interval  of  a 
few  seconds  between  the  sets.  On  February  22  observations  began 
at  half  past  six  and  continued  until  ten  o'clock,  when  they  were 
stopped  by  clouds.  Twenty-six  sets  were  obtained  in  this  time.  A 
long  period  of  cloudy  weather  intervened,  and  the  next  measures 
were  made  on  March  24.  Thirty-six  sets  were  taken  through  clouds, 
from  quarter-past  nine  to  quarter-past  twelve.  Owing  to  the  small 
distance  between  the  stars,  no  perceptible  error  seems  to  be  introduced 
by  these  clouds,  as  long  as  they  are  not  dense  enough  to  render  the 
stars  invisible.  Some  measures  were  obtained  on  March  14,  but  ap- 
parently the  wrong  star  was  observed.  They  were  stopped  by  the 
deposition  of  dew  on  the  object-glass,  which  may  have  caused  an 
error,  since  the  two  pencils  include  different  portions  of  the  ob- 
jective. No  use  has  been  made  of  these  observations.  On  April  3 
another  minimum  was  observed.  Fifty -two  sets  of  six  hundred  and 
twenty -four  settings  were  made  between  seven  o'clock  and  midnight, 
when  the  star  had  recovered  its  full  brightness.  Forty-four  sets  of 
five  hundred  and  twenty-eight  settings  were  also  made  on  other  even- 
ings to  determine  the  undiminished  light  of  the  star.  Fifteen  of  these 
sets  by  Mr.  Searle  give  its  light  as  3.64  magnitudes  brighter  than  DM. 
81°26.  Sixteen  sets  by  Mr.  Wendell  gave  3.59,  and  thirteen  sets  by 
myself  gave  3.71.  As  the  evidence  of  systematic  difference  is  not  con- 
elusive,  the  mean  of  all,  or  3.64,  has  been  adopted. 

The  entire  number  of  measures,  not  including  those  of  March  14,  is 
273  sets  or  3276  settings. 

Table  VII.,  like  Table  L,  gives  the  results  of  these  measures  ar- 
ranged in  groups  in  the  order  of  times  from  the  computed  minimum. 
The  columns  give  the  mean  of  the  times,  the  number  of  sets  of  twelve 
settings,  the  mean  magnitude,  the  corresponding  magnitude  derived 
from  a  curve  drawn  nearly  through  them,  and  the  difference  of  the 
last  two  columns.  Each  group  extends  over  thirty  minutes,  except 
the  first,  which  extends  from  — 311  to  — 258,  and  the  last  three, 
which  include  all  the  measures  made  when  the  nearest  minimum  was 
more  than  five  hours  distant  Their  limits  are  -J-**52  to  -[-991, 
+1350  to  +1495,  and  +1887  to  +2250  minutes. 
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TABLE  VII.  — Lioht-Cubvb  of  DM.  81°25. 


Time. 

No. 

Ob«. 

Curre. 

O—C. 

—  286 
237 
208 
178 
148 
118 

89 
62 
81 

—  8 
+  31 

60 

90 

120 

150 

179 

207 

287 

922 

1411 

+2127 

6 

8 
14 
11 
15 
14 
14 
14 
12 

9 
12 
14 
18 
17 
14 
14 
15 

8 
12 
19 
18 

8.89 

3.30 

8.07 

2.91 

2.44 

1.81 

1.34 

1.27 

1.16 

1.29 

1.28 

1.32 

1.93 

2.48  * 

294 

3.22 

842 

8.54 

3.66 

3.65 

8.62 

8.45 
8.27 
3.09 
2.85 
2.44 
1.80 
1.33 
1.25 
1.24 
1.24 
1.24 
1.32 
1.93 
2.48 
2.98 
8.23 
3.42 
3.54 
8.64 
8.64 
8.64 

—.06 
+.03 
—  02 

+.06 

.00 

+.01 

+.01 

+.02 

—.08 

+.05 

+.04 

.00 

.00 

.00 

+.01 

—.01 

.00 

.00 

+.02 

+.01 

—.02 

273 

±.019 

From  the  last  three  groups  we  may  infer  that  the  light  of  this  star, 
like  that  of  the  others  of  the  same  class,  is  constant  except  during  the 
few  hours  immediately  preceding  or  following  the  minimum. 

The  same  precautions  were  taken  as  with  /3  Persei  in  drawing  the 
light-curve  that  it  should  be  free  from  sudden  changes  in  curvature. 
From  the  small  residuals  in  the  last  column  we  may  therefore  infer 
that  the  accidental  errors  are  very  small.  About  an  hour  before  the 
minimum  the  light  ceases  to  vary,  and  remains  nearly  constant  for  an 
hour  and  a  half,  when  it  begins  to  rapidly  increase.  The  exact  time 
of  these  changes  may  be  found  more  precisely  by  subdividing  the 
groups  whose  means  are  — 89  and  -f-60.  Making  the  period  of  the 
groups  ten  minutes  instead  of  thirty,  we  replace  the  first  group  by 
three  containing  4,  5,  and  5  sets,  having  mean  times  99,  90,  and  80, 
and  magnitudes  1.54,  1.30,  and  1.21.  The  other  group  similarly  sub- 
divided gives  for  the  mean  times  52,  60,  and  69,  the  magnitudes, 
1.25/1.26,  and  1.44  From  these  we  might  infer  a  somewhat  longer 
period  of  uniform  light  than  would  be  indicated  by  the  curve  already 
drawn.  The  number  of  observations  is,  however,  too  small  to  deter- 
mine this  point  with  certainty. 

The  correction  to  the  ephemeris  of  the  minima  is  best  found  by 
Table  VIII.,  which  gives  the  time  at  which  the  light  is  equal  while 
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decreasing  and  while  increasing.  The  successive  columns  give  the 
light  in  magnitudes,  the  corresponding  times  before  and  after  the  min- 
imum, and  the  mean  of  these  times. 

TABLE  VIIL  —  Time  of  Minimum. 


Mftgn. 

Dee. 

Ine. 

Mean. 

8.6 

—862 

+256 

—58.0 

8.5 

—805 

f-225 

—40.0 

8.4 

—270 

-204 

—88.0 

8.8 

—246 

-190 

—28.0 

8.2 

—226 

-175 

—25.5 

8.1 

—209 

-164 

—22.5 

8.0 

—194 

-155 

—19.5 

2.9 

—182 

-147 

—17.5 

2.8 

—178 

-140 

—16.5 

2.7 

—164 

-188 

—16.5 

2.6 

—157 

-127 

—15.0 

2.5 

—161 

-121 

—16.0 

2.4 

—146 

-115 

—16.5 

2.8 

—141 

-109 

—16.0 

2.2 

—187 

-104 

—16.5 

2.1 

—182 

-  99 

—16.5 

2.0 

—128 

-  94 

—17.0    • 

1.9 

—128 

-  88 

—17.5 

1.8 

—117 

-  88 

—17.0 

1.7 

—112 

-  78 

—17.0 

1.6 

—107 

-  73 

—17.0 

1.5 

—101  • 

-  68 

—16.6 

1.4 

—  94 

-  64 

—.16.0 

1.8 

—  87 

-  59 

—14.0 

From  the  numbers  in  the  last  columns  we  may  infer  a  correction  of 
13  minutes  when  the  light  equals  1.24,  or  at  the  minimum.  In  other 
words,  thirteen  minutes  should  be  subtracted  from  the  adopted  ephemeris 
of  the  minima.  The  minimum  can  evidently  be  determined  with  much 
precision  from  any  observations  of  the  times  at  which  the  light  is  equal 
when  diminishing  and  increasing.  If  the  light  is  less  than  2.9,  or  the 
interval  between  the  times  less  than  five  hours  and  a  half,  it  is  only 
necessary  to  take  the  mean  of  the  two  times  and  subtract  from  two  to 
four  minutes.  The  exact  correction  is  found  from  the  last  column  of 
the  table  after  subtracting  thirteen  minutes.  The  observation  is  easily 
made  with  a  small  telescope,  as  there  are  so  many  comparison  stars  of 
suitable  brightness  near  the  variable.  Doubtless  a  very  precise  de- 
termination of  the  minimum  could  thus  be  easily  obtained. 

To  reduce  the  separate  observations  we  must  determine  the  rate  of 
change  in  light.  The  method  employed  for  ft  Pergci  has  again  been 
used ;  the  results  are  given  in  Table  IX.  The  columns  have  the  same 
meaning  as  in  Table  III. 


OF  ARTS  AND  SCIENCES. 


887 


TABLE  IX.  —  Rate  of  Changs  in  Light. 


Time. 


300. 
275 
250 
225 

175 

150 

125 

100 

75 

50 

25 

0 


'  Decreasing. 


Obs. 


.0040 

-0067 

-'.0067 

-.0106 

-.0180 

-.0198 

-.0167 

-.0025 

.0000 

.0000 

.0000 


Curve. 


-.0003 
-.0017 
-.0082 
-.0050 
-.0073 
-.0108 
-.0171 
-.0201 
-.0152 
-.0024 
-.0006 
.0000 
.0000 


a 


—.0008 
— .0007 
+.0006 
+.0002 
—.0009 
+.0003 
+.0005 
—.0001 
+.0006 
.0000 
.0000 


Increasing. 


Obs. 


+.0026 
--.0040 

-  -.0063 
--.0086 
--.0125 
--.0166 
--.0188 
--.0206 

-  -.0026 

.0000 
.0000 


Curve. 


O—C. 


.0004 

.0012 

.0024 

.0040 

.0054 

-.0088 

-.0126 

-.0162 

.0196 

-.0198 

-.0030 

.0000 

.0000 


+.0002 

.0000 

+.0009 

—.0002 

.0000 

+.0004 

—.0008 

+.0007 

—.0004 

.0000 

.0000 


The  greatest  change  in  light  amounts  to  two  hundredths  of  a  mag- 
nitude a  minute,  or  at  the  rate  of  a  magnitude  and  two  tenths  an  hour. 
This  is  much  greater  than  the  change  of  any  other  known  variable, 
being  over  three  times  that  of  ft  Persei.  Accordingly,  we  should  expect 
a  corresponding  increase  in  the  accuracy  with  which  the  time  of  min- 
ima could  be  determined. 

The  observations  of  DM.  81°25  are  grouped  in  Table  X.  The  suc- 
cessive columns,  like  those  of  Table  IV.,  give  a  current  number,  the 
condition  limiting  the  group,  the  number  of  sets,  the  arithmetical  sum 
of  the  residuals,  their  algebraic  sum  giving  to  each  the  sign  of  R  divided 
by  a,  and  the  correction  to  be  inferred,  or  Ai?  divided  by  2o.  The 
remaining  columns  give  the  probable  error,  the  average  of  the  resid- 
uals, and  the  average  difference  of  the  three  sets  of  four  contained  in 
each  set  of  twelve  settings. 


TABLE  X.  —  Comparison  op  Results. 


No 
1 

Group. 

No. 
Sets. 

la 

2JR 

AR 

AR 
Za 

Prob. 
Err. 

1.3 

Av. 
Dev. 

Av. 
Resid. 

Feb.    7 

88 

.8468 

8.31 

—  .36 

—1.0 

.087 

.066 

2 

11  •  •  i  • 

62 

.7071 

7.65 

+  .01 

0.0 

1.1 

.121 

.063 

3 

«« • • • • 

23 

.2408 

2.49 

—  .01 

0.0 

1.9 

.108 

.082 

4 

March  24 . . 

36 

.4312 

3.03 

+  .36 
+  -74 

+0.8 
+1.8 

1.0 

.084 

.059 

5 

April  8  . . . . 

88 

.4000 

8.22 

1.1 

.084 

.051 

6 

Obs.  of  P. . 

76 

.8618 

0.41 

—  .01 

0.0 

0.7 

.084 

.056 

7  ' 

S. . 

69 

.7248 

9.11 

+1.69 

+2.3 

1.3 

.132 

.072 

8 

"      W.  . 

52 

.5888 

4.08 

—  .94 

—1.7 

0.8 

.078 

.062 

9 

Decrease  .. 

91 

.9089 

9.23 

+  .39 

- 

f-0.4 

0.9 

.101 

.071 

10 

Increase    . . 

106 

1.2166 

10.37 

+  .36 

^ 

-08 

0.6 

.097 

.055 

11 

Total 

197 

2.1264 

19.60 

+  •74 

f-0.3 

0.6 

.099 

.062 
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The  average  probable  error  of  the  five  minima  observed  is  1.3  min- 
utes, or  about  one  third  of  that  of  fi  Persei.  This  ratio,  as  has  been 
already  stated,  was  to  be  expected,  since  the  rate  of  variation  of  the 
stars  is  about  as  three  to  one.  The  average  deviations  from  the 
ephemeris,  after  applying  the  constant  correction  of  thirteen  minutes,  is 
only  0.7  minutes.  It  becomes  still  less  if  we  adopt  another  ephemeris, 
as  will  be  shown  below.  Clouds  or  twilight  prevented  observations 
on  both  sides  of  the  minimum  on  every  night  except  on  February  17. 
Accordingly,  from  a  complete  observation  of  a  minimum  under  favor- 
able circumstances  we  may  expect  an  error  of  but  a  few  tenths  of  a 
minute. 

The  systematic  difference  between  the  observers  is  found  by  dividing 
the  algebraic  sum  of  the  residuals  of  each  by  their  number:  the 
algebraic  sum  of  86  residuals  by  Mr.  Searle  is  — 5.30;  of  85  by 
Mr.  Wendell,  —0.87 ;  and  of  102  by  myself,  +5.62.  The  corre- 
sponding corrections  are,  — 0.06,  — 0.01,  and  -f"0.06.  As  each  of 
these  represent  over  a  thousand  settings,  the  differences  are  not  prob- 
ably due  to  accident.  The  excess  of  the  computed  probable  error  in 
the  eighth  column  of  Table  X.  over  that  to  be  inferred  from  the  resi- 
duals in  the  seventh  column  is  partly  due  to  the  neglect  of  these  differ- 
ences. If  applied  to  the  observations,  they  would  make  them  appear 
more  .accordant  They  would  not  probably  sensibly  affect  the  form 
of  light-curve  or  the  times  of  minima,  owing  to  the  distribution  of  the 
measures  of  each  observer. 

The  variation  in  light  is  given  in  Table  XI.,  which  is  derived  from 
the  light-curve  described  above,  after  applying  a  correction  of  thirteen 
minutes  to  the  assumed  minimum.  The  ratios  of  light  are  given  for 
every  half-hour,  expressed  in  differences  of  magnitude,  in  logarithms, 
and  in  numbers,  the  full  brightness  being  assumed  as  the  unit  in  the 
last  two  columns. 

Some  interesting  theoretical  deductions  may  be  drawn  from  this 
light-curve.  For  about  an  hour  and  a  half  the  light  remains  sensibly 
constant  at  0.1 10,  or  about  one  ninth  of  its  full  intensity.  This  interval 
is  over  one  third  of  that  during  which  the  light  is  increasing  or  dimin- 
ishing.  If  the  variation  in  light  is  admitted  to  be  due  to  a  dark,  eclips- 
ing satellite,  the  diameter  of  the  latter  must  be  yl  —  0.110  —  0.943 
of  that  of  the  star,  in  order  to  sufficiently  reduce  the  light.  A  some- 
what less  diameter  is  possible  if  we  admit  that  the  star,  like  our  sun,  is 
darker  near  the  edges  than  in  the  centre.  The  effect  of  this  is  probably 
slight,  or  it  would  show  itself  in  other  ways.  The  longest  period  of 
uniform  minimum  light  would  occur  if  the  satellite  produced  a  central 
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TABLE  XI.  —  Light-Curvb  op  DM.  81°25. 


Time. 

Mag. 

Log. 

Light. 

h.      m. 

—a  so 

8.64 

0.000 

1.000 

6    00 

8.62 

9.992 

0.982 

6    80 

3.58 

9.976 

0.946 

6    00 

8.52 

9.952 

0.895 

4    80 

8.44 

9.920 

0.832 

»     4    00 

8.34 

9.880 

0.769 

8    80 

8.19 

9.820 

0.661 

8    00 

2.99 

9.740 

0.560 

2    30 

2.68 

9.616 

0.413 

2    00 

2.12 

9.392 

0.247 

1    80 

1.71 

9.228 

0.169 

1    00 

1.27 

9.052 

0.113 

—0    80 

1.24 

9.040 

0.110 

0    00 

1.24 

9.040 

0.110 

+0    80 

1.24 

9.040 

0.110 

1    00 

1.26 

9.048 

0.112 

1    80 

1.67 

9.212 

0.163 

2    00 

2.26 

9.448 

0.281 

2    30 

2.76 

9.648 

0.445 

3    00 

813 

9.796 

0.625 

8    80 

8.35 

9.884 

0.766 

4    00 

3.51 

9.948 

0.887 

4    80 

8.59 

9.980 

0.965 

+6    00 

8.64 

0.000 

1.000 

annular  eclipse.  In  this  case,  if  the  motion  was  uniform,  the  •dura- 
tion of  the  minimum  light  would  equal  only  one  ninth  of  that  of  in- 
crease or  decrease.  The  effect  of  the  curvature,  or  ellipticity,  of  the 
path  would  not  greatly  affect  this  conclusion.  A  very  great  ellipticity 
is  not  admissible,  or  at  the  periastron  the  satellite  would  strike  the 
star.  We  are  therefore  obliged  to  admit  that  the  eclipse  is  total  (that 
is,  that  the  star  is  entirely  covered  by  the  satellite),  and  that  the  light 
during  the  minima  is  due  to  one  of  the  two  following  causes :  first,  that 
the  satellite  is  self-luminous,  and  that  the  light  at  the  time  of  the  mini- 
mum is  that  received  from  the  satellite,  the  star  itself  being  completely 
obscured.  In  this  case  we  should  expect  to  find  a  corresponding  dimi- 
nution midway  between  the  minima  when  the  star  was  in  front  of  the 
satellite,  and  accordingly  cut  off  a  portion  of  its  light.  The  loss  of 
light  would,  however,  be  small,  and  might  easily  escape  detection. 
The  greatest  effect  would  occur  when  the  transit  was  central.  In  this 
case,  to  produce  the  observed  duration  of  the  miuimum,  assuming  the 
motion  to  be  uniform,  the  diameter  of  the  satellite  should  be  about  1.3, 
that  of  the  star  being  taken  as  unity.  Since  the  light  of  the  satellite 
is  supposed  to  be  0.110,  that  of  the  satellite  and  star  together  being 
taken  as  unity,  it  follows  that  if  the  star  passes  in  front  of  the  satel- 
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lite,  it  will  cut  off  ,-t-ti  °*  *te  ^g^t,  or  produce  a  diminution  in  the 

1      '      ^ 
total  light  of  7|-«rt"X  0.110  =  0.065.    The  secondary  minimum  would 

therefore  reduce  the  light  from  1.000  to  1.000  —  0,065  =  0.935,  or 
about  0.07  magnitudes.  This  will  be  the  greatest  effect,  and  would  be 
less  if  the  transit  was  not  central.  An  eccentricity  in  the  orbit  of 
the  satellite  might  even  reduce  it  to  zero  by  carrying  the  satellite  at 
superior  conjunction  entirely  to  one  side  of  the  star. 

The  light  reflected  by  the  satellite  from  the  star  does  not  account 
for  this  phenomenon,  since  during  its  transit  the  dark  side  of  the  sat- 
ellite would  be  turned  toward  the  observer.  In  no  case  would  the 
light  reflected  be  sufficient,  because  the  satellite  does  not  receive  one 
ninth  of  the  light  of  the  primary ;  so  that,  even  if  all  were  reflected,  it 
could  not  emit  a  sufficient  amount  of  light. 

A  second  hypothesis  would  explain  the  prolonged  diminution  of 
light  by  admitting  that  the  satellite  consisted  of  a  cloud  of  meteors  so 
scattered  that  about  0.110  of  the  light  could  pass  through  the  central 
portions.  We  should  then  expect  that  somewhat  more  light  would 
pass  through  the  edges,  and  accordingly  that  the  light  would  vary 
slightly  during  the  whole  obscuration,  attaining  a  true  minimum  when 
the  centres  of  the  star  and  satellite  appeared  to  coincide. 

In  a  recent  note  Dr.  Vogel  informs  me  that  he  has  found  no  per- 
ceptible approach  or  recession  of  Algol  by  means  of  the  spectroscope.* 
If  this  observation  is  confirmed  with  the  other  similar  variables,  we 
should  infer  that  the  masses  of  the  eclipsing  satellites  were  small,  or 
that  the  second  hypothesis  is  the  more  probable  of  the  two.  In  any 
case,  an  excellent  example  is  afforded  of  the  value  of  indirect  obser- 
vations, like  those  with  the  photometer  or  spectroscope,  in  solving  cer- 
tain problems  where  direct  measurements  are  valueless. 

The  next  step  is  to  compare  the  results  of  other  observers,  and  to 
derive  the  correction  to  the  ephemeris.  Following  the  example  of 
Argelander  by  reducing  to  Paris  mean  time,  the  ephemeris  for  the 

* 

time  at  which  any  minimum  will  occur  may  be  expressed  by  the 
formula,  — 

Time  of  minima  =  1880  June  23*  7*  44.0-  +  2*  llh  60.0-  E. 

The  number  of  minima  which  have  elapsed  since  the  discovery  of 
the  variability  is  here  designated  by  J&,  which  accordingly  equals  zero 


*  See  alio  Ber.  der  Konigl.  Sach.  Gesell.  xxv.  655,  and  Proc.  Amer.  Acad. 
XTi.  84. 
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on  June  23,  1880.  The  first  observations  which  can  be  reduced  are 
those  made  by  M.  Glasenapp*  on  July  3, 1880.  He  adopted  a  series  of 
comparison  stars,  which  will  probably  be  employed  by  other  observers 
of  this  variable.  Table  XII.  gives  their  Durchmusterung  designa- 
tions, and  their  right  ascension,  declination,  and  magnitudes  taken  from 
that  catalogue.  The  next  columns  give  the  designation  by  Glasenapp, 
and  the  assumed  light  in  grades.  Measures  of  these  stars  were  made 
on  three  evenings  at  the  Harvard  College  Observatory  with  Photom- 
eter I.f  attached  to  a  telescope  of  four  inches  aperture.  These  measures 
must  be  regarded  as  provisional ;  a  much  more  precise  determination 
of  their  light  will  probably  be  obtained  next  year  with  a  large  merid- 
ian photometer.  From  these  measures,  which  are  given  in  the  seventh 
column,  the  grades  of  M.  Glasenapp  are  reduced  to  magnitudes  by  the 
formula,  m  =  9.5  —  0.07  g,  in  which  g  denotes  the  number  of  grades 
and  m  the  corresponding  magnitude.  The  results  are  given  in  the 
eighth  column.  The  last  two  columns  give  the  residuals  found  by 
subtracting  the  H.  C.  measures  from  the  magnitudes  of  M.  Glasenapp 
and  of  the  Durchmusterung. 

TABLE  XII.— Comparison  Stars  for  DM.  81°25. 


DM. 

R.A. 

Dec. 

Mag. 
9.2 

Derig. 

Gr. 

H.C. 
9.6 

Q. 

G-HC. 

DM-HC. 

80°23 

m. 

41 

i. 
14 

o 
80 

67.8 

C 

0.0 

9.6 

—0.1 

—0.4 

81°22 

42 

04 

81 

07.6 

0.2 

d 

1.6 

9.4 

9.4 

0.0 

—0.2 

80°22 

40 

28 

80 

63.3 

9.2 

b 

2.0 

9.2 

9.4 

+0.2 

0.0 

80°21 

39 

06 

80 

48.9 

8.9 

a 

4.6 

8.9 

9.2 

-fO.3 

0.0 

81°27 

60 

66 

81 

19.3 

8.6 

(8) 

12.1 

8.5 

8J6 

-fO.l 

+0.1 

81°29 

61 

35 

81 

28.1 

8.6 

(4) 

12.6 

8.8 

8.6 

—0.2 

—0.2 

81°18 

38 

28 

81 

10.6 

7.6 

(5) 

17.6 

7.6 

[8.3] 

[+0.8] 

+0.1 

81°30 

62 

29 

81 

10.9 

8.3 

(2) 

18.3 

8.1 

8/2 

+0.1 

+0.2 

81°25 

49 

39 

81 

05.6 

7.6 

«^ 

6.9 

•— 

^— 

+0.0 

The  star  DM.  81°  18  is  either  variable,  or  its  light  in  grades  is 
erroneously  given  by  M.  Glasenapp.  An  examination  on  different 
evenings  showed  that  it  was  decidedly  brighter  than  81°30.  This  is 
confirmed  by  the  measures  and  by  the  Durchmusterung  magnitudes. 
If  the  light  in  grades  was  written  17.6  by  mistake  for  27.6,  the  mag- 
nitude becomes  7.6  instead  of  8.3,  and  the  residual  -\-  0.1  instead  of 
-f-  0.8.  This  cannot  be  a  typographical  error,  since  the  stars  were 
arranged  by  M.  Glasenapp  in  the  order  of  brightness,  and  81°18  is 


*  Astron.  Nach.,  xcviii.  61. 
t  Annals,  xi.  p.  7,  figs.  6  and  6. 
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placed  before  81°30.  The  other  residuals  show  a  good  agreement 
between  the  estimates  and  measures.  The  Durchmusterung  magni- 
tudes also  agree  well,  if  we  correct  for  the  difference  of  scale,  which 
makes  the  residuals  for  faint  stars  negative  and  for  bright  stars 
positive. 

The  individual  comparisons  by  M.  Glasenapp  are  detailed  in  Table 
XIII.,  which  gives  a  current  number,  the  Moscow  mean  time,  and  the 
corresponding  light  in  grades.  By  the  formula  1.00  -}-  0.07^  these 
are  reduced  to  the  same  scale  of  magnitudes  as  that  used  in  meas- 
uring the  light  in  Table  XL  The  results  are  given  in  the  fourth  col- 
umn. The  next  column  gives  the  time  of  minimum  derived  from  each 
of  these  observations  by  means  of  the  light-cnrve  adopted  in  Table  XI. 
The  last  column  gives  the  error  in  the  observation  of  M.  Glasenapp,  if 
we  assume  the  minimum  to  have  occurred  at  9*  47"  Moscow  mean 
time. 


TABLE  XHI.  — M.  Glasxnapf's  Comparisons  of  DM.  81°26  ok  July  8. 


No. 

MM.  T. 

Or. 

Log. 

TimeMin. 

0—  a 

1 

10  40 

4.1 

1.28 

h.  m. 

[9  34] 

+.08 

2 

43 

2.2 

1.15 

—.10 

8 

45 

4.8 

1.34 

[9  81] 

+.08 

4 

60 

8.4 

1.24 

—.02 

6 

65 

8.6 

1.25 

[  9  69] 
[9  43 

—.03 

6 

67 

4.8 

1.84 

+.05 
+.04 

7 

11   1 

6.4 

1.88 

9  46 

8 

8 

6.8 

1.48 

9  47 

.00 

9 

12 

8.1 

1.67 

9  47 

.00 

10 

16 

8.8 

1.62 

9  48 

—.01 

11 

17 

9.3 

1.65 

9  46 

—.02 

12 

19 

12.8 

1.86 

9  40 

+.15 

13 

22 

10.4 

1.73 

9  47 

—.05 

14 

24 

13.6 

1.94 

9  40 

+.13 

16 

27 

11.8 

1.83 

9  49 

—.05 

16 

81 

12.2 

1.86 

9  62 

—.10 

17 

87 

18.2 

1.92 

9  64 

—.14 

18 

41 

14.2 

1.99 

9  66 

—.15 

19 

61 

14.5 

2.02 

10  04] 

[—.801 

20 

69 

14.6 

2.02 

10  12 

-.44 

21 

12  23 

16.2 

2.13 

10  29 

—.72 

22 

47 

172 

2.20 

10  60 

—.98 

28 

13  23 

17.4 

2.32 

11  19 

[—1.08 

The  error  in  the  estimated  light  of  DM.  81°18  seems  to  have  af- 
fected the  last  measures  of  the  variable.  It  would  appear  that  after 
increasing  for  over  two  hours  (or  three  hours  after  the  minimum),  the 
variable  had  not  attained  the  brightness  of  DM.  81°30,  or  18.3  grades  I 
The  last  five  observations  have  accordingly  been  bracketed.     The 
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second  and  fourth  comparisons  cannot  be  reduced,  since  the  light  is 
less  than  that  adopted  for  the  minimum.  All  of  those  preceding 
eleven  hours  have  also  been  bracketed,  since  the  variation  in  light  is 
so  small  that  an  exceedingly  small  weight  should  be  assigned  to  them. 
Retaining  them  would  not  sensibly  affect  the  result.  The  mean  of  the 
remaining  twelve  gives  for  the  time  of  minimum  9b  47m  Moscow 
mean  time.  The  proximity  of  the  minimum  does  not  affect  the  resid- 
uals of  the  last  column.  The  last  five  are  alone  rejected,  since,  ow- 
ing to  the  cause  stated  above,  they  indicate  errors  too  large  to  be 
accidental.  The  mean  of  the  eighteen  residuals  retained  is  0.06 
magnitudes. 

The  most  complete  series  of  naked-eye  observations  of  this  variable 
are  those  of  Dr.  Schmidt  of  Athens.  Five  minima  were  observed 
by  him  in  August.0  As  all  the  comparisons  were  made  after  the 
period  of  least  light,  he  was  obliged  to  wait  for  their  reduction  until 
October  8,  when  he  observed  the  star  both  before  and  after  the  min- 
imum. The  first  reduction  of  these  observations  was  made  from  a 
curve  derived  from  the  measures  of  October  8.  Later  he  has  given  a 
discussion  of  thirteen  minima,f  from  which  he  infers  a  rapid  increase 
in  the  period.  In  this  paper  he  omits  the  observations  of  August  22, 
although  in  his  former  paper  he  had  assigned  to  it  and  to  the  minimum 
of  August  17  weights  double  those  of  any  of  the  others.  No  reason 
is  given  for  this  omission.  There  also  seems  to  be  a  misprint  in  line  12, 
p.  89,  of  this  same  article.  December  7  should  apparently  be  Decem- 
ber 2,  as  this  date  is  employed  below.  Otherwise,  an  error  of  nineteen 
minutes  would  be  indicated  in  the  observed  minimum.  A  second  re- 
duction is  given  of  the  August  observations,  by  which  the  time  of 
minimum  is  increased  more  than  half  an  hour.  As  the  original  com- 
parisons have  not  been  published,  it  is  impossible  to  rediscuss  them. 
As  the  star  varies  only  a  few  hundredths  of  a  magnitude  during  nearly 
two  hours,  it  is  obvious  that  large  differences  may  arise  in  the  as- 
sumed time  when  the  light  is  least.  Dr.  Schmidt  has  also  deter- 
mined the  period  by  a  method  free  from  this  criticism.  He  has  com- 
pared the  intervals  between  the  times  at  which  the  variable  equals 
one  of  the  comparison  stars  in  brightness.  Unfortuuately,  he  has  not 
stated  the  times  at  which  this  occurs,  so  that  a  comparison  with  other 
observers  is  not  practicable. 

Mr.  George  Knott  has  also  observed  seven  of  the  minima  by  the 
method  of  Argelander.J     On  September  23  and  28  the  variable  was 

*  Astron.  Nach.,  xcriii.  283.  t  Astron.  Nach.,  xciz.  87. 

X  Astron.  Nach.,  xcix.  109.    Nature,  xxiii.  542. 
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observed  at  the  Harvard  College  Observatory  by  the  same  instrument 
which  was  used  in  determining  the  light  of  the  comparison  stars.  The 
image  of  a  Urtae  Minora  was  rendered  equal  to  the  variable  arid  to 
DM.  81"30  alternately.  Seven  settings  were  made  in  each  set,  begin- 
ning and  ending  with  the  variable.  Systematic  errors  were  thus  greatly 
reduced,  since  those  only  would  enter  which  affected  one  star  and-  not 
the  other.  Although  a  large  number  of  readings  were  taken,  the 
results  were  not  satisfactory  and  probably  have  but  little  value.  The 
result  for  September  23  was  8"  57™,  Cambridge  mean  time,  and  for 
September  28, 8b  7",  the  difference  between  the  two  being  five  days 
less  fifty  minutes  instead  of  five  days  less  twenty  minutes.  On  neither 
evening  were  observations  obtained  before  the  minimum,  owing  to  twi- 
light. 

TABLE  XIV.— Coa  pari  son  or  Observed  Minima. 
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All  of  tbe  observations  are  compared  in  Table  XIV.  The  columns 
give  a  current  number,  E  or  the  number  of  minhna  which  have 
elapsed  since  the  discovery  of  the  variability,  the  date,  hour,  and 
minute  according  to  the  approximate  ephemeris  used,  and  the  ob- 
served minimum  in  mean  time  of  the  meridian  of  the  observatory- 
named  in  the  fifth  column.  The  last  two  columns  give  the  correc- 
tion to  the  ephemeris  and  the  name  of  the  observer.  Observations 
made  at  the  Harvard  College  Observatory  are  designated  by  H.  C.  O. 
Schmidt  I.  and  Schmidt  II.  denote  the  two  reductions  referred  to 
above. 

For  comparison  with  different  ephemerides  it  will  be  convenient 
to  group  the  observations  of  each  observer,  as  has  been  done  in 
Table  XV.  The  observations  of  Dr.  Schmidt  in  August  according 
to  his  first  and  second  reduction  have  been  placed  together,  and  also 
his  later  observations.  The  successive  columns  give  a  current  num- 
ber, the  authority,  the  number  of  minima  observed,  and  the  mean 
vajae  of  E.  The  last  four  columns  give  the  corrections  in  minutes  to 
be  applied  to  four  ephemerides ;  that  is,  they  equal  the  mean  of  the 
observed  minus  the  computed  value  of  each  group  according  to  the 
following  four  formulas :  — 

(A)  Ep.  E.  «=  1880  June  28*   7*  44.0-  +  2*  11*  50.0  -  E. 

(B)  Ep.  E.  ==  1880  June  23*  10*  13.1-  +  2*  1  lk  44.94-  E.  -A-  0.04376-  Ea. 

(C)  Ep.  E.  =  1880  June  23*    &  12.0-  +  2*  llk  49.6-  E. 

(D)  Ep.  E.  =  1880  June  28*   7*  41.0-  +  2*- 11*  49.9-  E. 

The  first  of  these  formulas  (A)  is  extremely  convenient,  since  the 
minutes  repeat  themselves  every  six  minima.  As  the  period  differs 
from  two  days  and  a  half  by  exactly  ten  minutes,  the  times  of  the  suc- 
cessive minima  may  be  written  down  directly.  Every  two  hundred 
and  forty  minima,  or  every  five  hundred  and  ninety-nine  days,  the 
hoars  and  minutes  repeat  themselves,  so  that  the  ephemeris  can  be 
easily  extended  over  long  periods.  Whatever  ephemeris  is  adopted, 
it  may  be  more  convenient  to  compute  the  minima  by  this  formula 
first  and  apply  the  difference  of  the  ephemerides  as  a  correction. 

Formula  (B)  is  derived  from  the  law  proposed  by  Dr.  Schmidt  on 
page  90  of  his  article,  reducing  to  Paris  mean  time  and  adopting 
June  23  as  the  starting-point,  as  in  the  other  ephemerides.  A  mini- 
mum is  assumed  to  have  occurred  on  December  7  at  10k  6.7m,  Athens 
mean  time.  The  period  at  this  time  is  taken  as  2d  llh  50.8 12m,  with 
an  increase  of  0.08753  in  each  successive  period.0  The  ephemeris  on 
page  91  is  nearly,  but  not  exactly,  represented  by  this  law.     A  part 
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of  the  discrepancy  is  due  to  an  error  by  which  the  interval  between 
the  minima  of  October  3  and  6  is  about  five  minutes  too  small.  This 
will  affect  all  the  minima  preceding  or  all  of  those  following  it  The 
number  of  decimal  places  employed  by  Dr.  Schmidt  has  been  retained, 
although  the  accuracy  of  the  observations  does  not  seem  to  justify  it 
Since  we  do  not  know  the  period  within  some  tenths  of  a  minute,  it 
seems  scarcely  advisable  to  carry  the  result  to  thousandths  of  a  minute 
in  the  formula  used  to  represent  it 

Formula  (C)  is  proposed  as  that  which  best  satisfies  all  the  obser- 
vations, if  we  admit  that  the  period  is  invariable. 

Formula  (D)  is  that  which  best  represents  the  later  measures  ob- 
tained at  the  Harvard  College  Observatory. 

TABLE  XV.  —  Comparison  of  Ephemeridbs. 
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An  examination  of  the  residuals  from  Dr.  Schmidt's  formula  shows 
that  this  ephemeris  alone  satisfies  all  of  his  measures,  if  we  admit  his 
second  reduction  of  his  observations  in  August.  It,  however,  entirely 
fails  to  represent  the  later  determinations.  The  deviations  exceed  two 
hours,  both  in  the  Harvard  College  measures  and  in  those  of  Mr.  Knott 
When  this  ephemeris  was  published,  these  observations  had  not  been 
made,  and  of  course  such  a  deviation  could  not  have  been  foreseen.  It 
is,  however,  remarkable  that  Dr.  Schmidt  should  not  have  noticed  the 
large  discordance  in  the  minimum  observed  by  M.  Glasenapp.  This  ob- 
servation has  especial  value  as  a  test  of  any  ephemeris,  since  it  is  much 
earlier  than  any  other  measures.  Dr.  Schmidt's  ephemeris  would  give 
a  minimum  at  11*  32m,  Moscow  mean  time,  which  is  at  once  seen  to 
be  in  error  on  inspecting  Table  XIII.  or  the  original  publication  of 
M.  Glasenapp.  In  fact,  the  reduction  shows  a  correction  to  the  time 
of  minimum  of  over  an  hour  and  a  half. 
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All  the  observations  are  fairly  represented  by  formula  (C),  except 
the  second  reduction  of  those  of  Dr.  Schmidt  His  original  reduction 
leaves  a  residual  which  might  well  be  due  to  errors  of  observation. 
Although  the  residuals  of  the  Harvard  College  measures  are  small, 
they  are  still  much  larger  than  their  probable  errors,  and  their  values 
evidently  indicate  systematic  error.  The  last  formula  satisfies  these 
completely,  giving  average  residuals  of  only  0.3  minutes,  but  does  not 
agree  with  the  other  observations.  If  we  admit  a  variation  in  the 
period,  the  value  2d  llh  49.9m  would  seem  to  be  that  between  E  =  90 
and  E  =  114,  but  not  between  E  =  0  and  E  =  90. 

It  is  scarcely  worth  while  at  present  to  discuss  the  relative  probability 
of  these  various  formulas,  since  further  observations  which  will  doubt- 
less soon  be  made  will  serve  to  decide  between  them  with  certainty. 
If  the  original  observations  were  published,  so  that  all  could  be  re- 
duced according  to  the  same  method,  doubtless  much  greater  accord- 
ance would  be  found  in  the  results.  There  seems  to  be  no  reason 
why  the  error  in  determining  each  minimum  from  observation  during 
the  decrease  and  increase  should  not  be  reduced  to  two  or  three  min- 
utes or  much  less  than  those  of  ft  Perseu  Should  the  discrepancy  of 
certain  measures,  as  those  in  August  of  Dr.  Schmidt,  be  confirmed, 
they  would  indicate  the  existence  of  some  disturbing  body  which 
might  also  account  for  such  a  deviation  as  that  noted  in  the  minimum 
of  p  Persei  on  Nov.  22.  No  correction  has  been  applied  for  the 
aberration.  The  star  is  so  near  the  pole  of  the  ecliptic  that  the 
correction  would  never  exceed  two  minutes,  and  would  be  masked  by 
the  other  errors.  • 

Harvard  College  Observatory, 
Cambridge,  Mass. 
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NITUDE. 

In  selecting  a  series  of  stars  as  standards  of  stellar  magnitude, 
it  would  obviously  be  impossible  to  choose  those  which  should 
represent  any  assigned  brightness.  Stars  could  not  be  found  which 
should  have  magnitudes  of  exactly,  1.0,  2.0,  8.0,  etc.  If  the 
scale  was  made  to  conform  to  the  stars,  subsequent  measures 
would  be  sure  to  show  that  its  divisions  were  irregular.  Moreover, 
an  observer  might  have  difficulty  in  determining  fractions  of  a 
magnitude,  if  the  light  of  all  his  comparison  stars  were  expressed 
as  integer  numbers.  A  much  more  precise  method  seems  to  be, 
first,  to  select  suitable  stars  as  standards ;  secondly,  to  measure 
their  relative  light;  and,  thirdly,  to  express  these  measures  in 
terms  of  any  convenient  scale  of  magnitudes  that  may  be  finally 
adopted.  Subsequent  measures  will  then  serve  to  increase  the 
accuracy  with  which  this  scale  is  defined,  by  determining  more 
precisely  the  brightness  of  the  comparison  stars. 

International  cooperation  is  to  be  desired  in  order  that  the 
system  recommended  may  be  adopted  by  astronomers  in  all  parts 
of  the  world.  Accordingly,  the  Royal  Astronomical  Society  and 
the  Astronomische  Gesellschafb  were  invited  to  aid  in  this  work. 
A  committee  consisting  of  Messrs.  Hind,  Knobel,  Knott,  Stone 
and  Christie  was  appointed  by  the  Royal  Astronomical  Society, 
and  Dr.  Schonfeld  was  named  as  its  representative  by  the  Astro- 
nomische Gesellschafb.  Unfortunately,  the  somewhat  voluminous 
correspondence  of  your  Committee  has  been  delayed  by  the  great 
distances  to  be  traversed,  and  although  the  following  plans  are 
under  consideration  by  the  Committees  named  above,  final  action 
has  not  yet  been  taken.  Stars  may  be  conveniently  divided 
according  to  their  brightness  into  three  classes : — 

I.  Lucid  stars,  or  those  brighter  than  the  sixth  magnitude. 
These  stars  will  form  the  standards  of  comparison  of  the  brighter 
variable  stars,  and  in  general  for  all  observations  made  with  the 
unaided  eye  or  with  an  opera  or  field  glass.  Most  of  the  photo- 
metric measures  hitherto  made  relate  to  these  stars. 

(l) 
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II.  Bnght  telescopic  stars,  from  the  sixth  to  the  tenth  magni- 
tude. This  class  includes  most  of  the  catalogue  stars,  and  will 
furnish  the  standards  for  the  fainter  variables.  Meridian  obser- 
vations and  those  with  small  telt  scopes  we  in  general  directed 
towards  these  objects. 

III.  Faint  telescopic  stars,  fainter  than  the  tenth  magnitude. 
Large  telescopes  are  required  for  the  convenient  study  of  thesQ 
•tars.  They  will  form  convenient  standards  for  the  asteroids, 
for  very  faint  variables,  and  for  the  components  of  clusters,  etc. 

It  is  proposed  that  the  first  of  these  classes  be  assigned  to  the 
Boyal  Astronomical  Society,  the  second  to  the  Astronomische 
Gesellschaft  and  the  third  to  the  American  Association.  In 
accordance  with  this  scheme  the  following  plan  is  recommended 
for  the  fainter  stars. 

The  standard  stars  to  be  so  selected  that  they  will  form  twenty.- 
four  groups  near  the  equator  and  at  approximately  equal  intervals 
in  right  ascension.  Each  group  to  consist  of  a  series  of  stars 
decreasing  in  brightness  by  differences  of  about  half  a  magnitude, 
from  the  tenth  magnitude  to  the  faintest  object  visible  in  the 
largest  telescopes.  The  groups  to  be  located  by  bringing  a  star 
visible  to  the  naked  eye  into  the  field  of  the  telescope,  waiting 
for  two  minutes,  and  then  forming  a  chart  of  the  zone  ten 
minutes  wide  passing  .through  the  centre  of  the  field  of  the  teles- 
cope during  the  next  four  minutes.  This  zone  will  therefore 
be  defined  as  the  region  from  five  minutes  north  to  five  minutes 
south  of  the  bright  star,  and  from  two  to  six  minutes  following  it. 
The  stars  to  .be  selected  from  this  zone,  which  may  in  some  cases 
have  to  be  extended.  Care  to  be  taken  that  no  star  is  near  enough 
to  another  to  be  sensibly  affected  in  apparent  brightness  by  its 
proximity.  The  following  stars  are  proposed  as  leading  stars  for 
these  groups :  — 

Y  Pegasi,  B'  Ortt,  a  Ptooium,  a  Ceti,  y  Eridani,  a  Tauri, 
t  Ononis,  x  Geminorum,  a  Canis  Minoris,  <  Jfydrce,  a  Leoniq, 
$  Zecrnis,  y  Virginia,  a  Virginia,  a  Boot  is,  ft  Librve,  d  OphinoJii, 
^Ophiuchi,  t)  Serpentia,  6  AquUcz,  OAquilce,  0  Aquavit,  a  Aquarii 
and  a  Pegasi. 

'Two  other  groups  formed  ot  stars  near  the  poles  to  be  added  *to 
these,  with  which  all  may  be  compared, -to  avoid  large  systematic 
errors  in  different  right  ascensions. 
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The  advantages  of  this  system  are  that  an  observer  in  any  part 
of  the  earth  and  at  any  season  will  find  comparison  stars  con- 
veniently situated  for  observation.  Moreover,  he  will  often  be 
able  to  bring  some  of  the  standard  stars  into  the  field  without 
moving  the  dome  or  reading  the  finding  circles  of  his  instrument. 
This  is  a  great  advantage  when  working  with  a  large  telescope 
with  which  alone  the  smaller  stars  can  be  observed.  The  leading 
stars  will  also  form  convenient  standards  in  observing  the  others 
photometrically.  For  this  reason  none  fainter  than  the  third  or 
fourth  magnitude  have  been  selected. 

If  the  above  plans  are  adopted,  Dr.  C.  H.  F.  Peters  will  un- 
dertake the  preparation  of  charts  of  the  small  zones.  By  the  help 
of  these  the  standards  will  be  selected  and  their  positions  de- 
termined. Measures  of  their  light  will  then,  if  desired,  be  under- 
taken at  the  Harvard  College  Observatory.  It  is  greatly  to  be 
hoped  that  similar  measures  may  also  be  made  at  some  other 
Observatories,  and  if  possible  by  different  methods.  The  owners 
of  very  large  telescopes  are  also  invited  to  examine  these  regions 
and  locate  very  faint  stars  which  may  be  beyond  the  reach  of  the 
other  instruments  employed  in  this  work. 

When  the  measurements  are  completed  the  light  of  all  the 
standards  selected  will  be  expressed  in  such  a  scale  as  may  seem 
best.  Any  observer  may  then  compare  the  scale  he  is  accustomed 
to  use  with  this,  by  estimating  the  light  of  a  number  of  compari- 
son stars.  Uniformity  may  thus  be  secured  where  discrepancies 
amounting  to  several  magnitudes  now  occur. 

Respectfully  submitted, 

Edward  C.  Pickering,  Chairman. 

Lewis  Boss, 

S.  W.  Burnham, 

Asaph  Hall, 

William  Hakkness, 

Edward  S.  Holden, 

Simon  Newcomb, 

C.  II.  F.  Peters, 

Ormond  Stone, 

C.  A.  Young. 


[From  the  Proceedings  of  the  American  Association  fob  the  Advancement 
of  Science,  Vol.  XXX,  Cincinnati  Meeting,  August,  1881.] 


On  a  convenient  method  of  expressing  miorometricallt  the 
relation  between  english  and  metric  units  of  length  on 
the  same  scale.  By  Wm.  A.  Rogers  and  Geo.  F.  Ballou, 
of  Cambridge9  Mass. 

If  we  adopt  the  relation  between  the  yard  and  the  metre  given 
by  Kater  we  have : 

.001  «  =  .0003937079  inch. 
The  aliquot  part  of  the  inch  which  is  nearest  this  value  is : 

y^V*  fach  =  .0004000000  inch. 

The  difference  between  these  values  is  .000006291  inch.  If 
therefore  two  scales  are  ruled  side  by  side,  one  of  which  is  1000 
to  the  centimetre  and  the  other  2500  to  the  inch,  we  shall  have  a 
coincidence  at  the  63rd  line  of  the  inch  scale,  or  more  exactly  at 
line  62.57  if  there  is  an  exact  coincidence  between  the  first  lines 
of  the  two  scales.  If  the  assumed  relation  between  the  inch  and 
the  centimetre  is  maintained  in  the  graduation,  there  will  also  be 
coincidences  at  lines  125.1  —  187.7  —  250.3  —  312.8,  etc. 

Since  there  is  a  coincidence  for  sixty-three  spaces,  each  having 

(1) 


2  units  of  length; 

the  constant  value  .0004  inch,  an  error  of  one  line  in  the  measured 
coincidence  corresponds  to  an  actual  error  of  sixty-five  ten  mil- 
lionths  of  an  inch,  counting  from  the  first  line. 

The  following  is  a  description  of  the  ruled  bar  to  which  the  test 
here  described  has  been  applied. 

This  bar  was  ruled  for  the  use  of  the  American  Watch  Co.,  upon 
a  machine  built  for  me  by  Mr.  Chas.  V.  Woerd,  the  mechanical 
superintendent  of  the  watch  factory.  By  his  kindness  I  am  per- 
mitted to  exhibit  it  at  this  meeting. 

On  Tuesday,  Aug.  9,  commencing  at  9h.  10m.  a.  m.,  Mr.  Ballon 
subdivided  four  inches  into  forty  equal  parts.  At  9h.  40m.  a.  m.  the 
machine  was  started  at  2500  spaces  to  the  inch,  and  at  lib.  20m. 
p.  m.  the  space  of  four  inches  had  been  subdivided  into  10000  equal 
parts.  The  ruling  carnage  was  then  set  back  for  coincidence  with 
the  first  line  and  the  machine  was  started  at  1000  spaces  to  the  cen- 
timetre. At  lh.  0m.  p.  m.  of  Aug.  10,  the  space  of  one  decimetre 
had  been  subdivided  into  10000  equal  parts.  The  carriage  was  then 
set  back  for  coincidence  with  the  first  line  and  the  decimetre  space 
was  again  subdivided  into  100  equal  parts. 

It  was  hardly  to  be  expected  that  in  the  continuous  work  of  the 
machine  for  more  than  twenty-nine  consecutive  hours  the  theoret- 
ical values  of  the  coincidences  should  be  maintained  under  the 
wide  variation  of  temperature  which  took  place  between  the  day 
and  the  night.  Moreover  the  tremors  occasioned  by  the  heavy 
machinery  of  the  factory,  and  especially  the  blows  of  a  power 
hammer  which  is  not  very  far  distant,  were  sufficient  to  account 
for  a  portion  of  the  errors  introduced.  Nevertheless  the  match- 
ing of  the  (triple)  lines  representing  ^  of  an  inch  with  the  cor- 
responding lines  of  the  band  is  nearly  perfect.  In  the  metric  baud 
there  is  at  one  point  a  deviation  amounting  to  about  one-half  of 
the  width  of  the  lines,  but  the  coincidence  is  soon  recovered. 

In  counting  the  coincidences  between  the  two  bands,  of  which 
there  are  158,  the  following  method  was  pursued.  After  Mr.  Bal- 
lou  had  completed  the  graduation,  he  arranged  a  simple  carriage 
for  facilitating  the  count.  He  carefully  counted  the  coincidences 
and  communicated  the  results  to  me.  I  then  compared  them  with 
the  computed  numbers. 

It  is  to  be  noted  especially  that  Mr.  Ballou  had  no  means  of 
knowing  whether  his  count  would  agree  with  the  actual  number  of 
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lines  forming  a  coincidence.  The  deviations  from  the  computed 
values  are  given  in  the  following  table,  for  each  of  the  158  coinci- 
dences. 
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It  will  be  seen  that  the  greatest  cumulative  error  is  near  line 
2000,  the  maximum  value  of  the  difference  between  the  two  values 
of  the  two  units  at  this  point  amounting  to  about  one  thirty-thou- 
sandth of  an  inch.  It  is  to  be  noted  that  the  apparent  periodicity 
of  the  numbers  representing  the  coincidences  does  not  necessarily 
indicate  a  periodicity  in  the  screw.  In  fact,  this  method  of  com- 
parison gives  us  no  information  on  this  point,  since  the  coinciding 
lines  in  the  two  systems  were  ruled  at  the  same  part  of  the  screw. 
Finally,  the  four  inches  of  this  bar  are  nearly  standard  at  62°,  and 
the  decimetre  is  nearly  standard  at  the  same  temperature. 


[Salem  Press,  May,  1882.] 
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To  the  President  op  the  University: 

Sib,  — The  present  condition  of  the  Harvard  College  Observa- 
tory furnishes  a  test  of  an  opinion  expressed  in  some  of  its  recent 
annual  reports,  namely,  that  any  addition  to  the  resources  of  a 
scientific  institution  already  supplied  with  the  funds  needed  to 
keep  it  in  working  order  will  prove  an  advantageous  investment. 
Such  a  sum  is  directly  applicable  to  the  extension  of  scientific 
inquiry.  A  similar  gift  to  establish  a  new  institution,  or  to  sup- 
port a  feeble  one,  will  be  largely  consumed  in  the  mere  prepara- 
tion for  such  inquiry,  and  the  head  of  the  institution  must  spend 
much  of  his  time  in  routine  work,  even  if  he  is  not  required  to 
devote  a  large  part  of  his  energies  to  teaching,  as  well  as  to  re- 
search. 

The  proper  division  of  labor,  and  the  continuous  use  of  appa- 
ratus, are  advantages  as  important  in  science  as  in  the  arts. 
These  advantages  are  possessed  by  a  liberally  endowed  observa- 
tory as  they  are  by  the  factory  of  a  rich  proprietor,  who  can 
afford  any  immediate  expense  required  to  secure  the  most  abun- 
dant returns.  It  seldom  happens  that  the  endowment  permits  the 
use  of  the  instruments  to  their  full  capacity.  Until  this  point  is 
reached,  great  results  may  always  be  expected  from  a  slight 
increase  of  income. 

The  subscription  raised  in  1878  for  the  support  of  the  Observa- 
tory for  five  years  has  given  it  for  that  time  a  much  improved 
position  for  conducting  researches.    Many  of  the  contributors  to 


the  fund  paid  their  subscriptions  in  full  at  the  outset,  and  the 
Observatory  thus  acquired  a  large  balance  to  the  credit  of  its 
account  with  the  University,  which  will  of  course  progressively 
diminish  until  the  five  years  have  expired. 

One  of  the  most  important  advantages  resulting  to  the  Obser- 
vatory from  this  temporary  enlargement  of  its  resources  consists 
in  the  increased  number  of  its  assistants,  which  is  now  sufficient 
to  allow  the  work  of  each  to  be  more  advantageously  directed 
than  was  previously  possible. 

The  observations  with  the  large  equatorial  and  meridian  pho- 
tometer are  made  by  Mr.  Searle,  Mr.  Wendell,  and  myself. 
Messrs.  Cutler  and  Eaton  assist  in  recording  these  observations 
and  in  their  reduction.  Miss  Farrar  and  Mrs.  Fleming  also  take 
part  in  the  reductions.  The  meridian  circle  remains  in  the 
charge  of  Professor  Rogers,  who  is  aided  in  the  observations  by 
Mr.  Brown,  and  in  their  reduction  also  by  Mrs.  Rogers  and  by 
Misses  Saunders,  Bond,  and  Winlock.  The  time-signals  are  in 
charge  of  Mr.  Edmands,  assisted  by  Mr.  Chandler.  These  gentle- 
men and  Mr.  Howard  are  making  the  naked-eye  observations  of 
northern  stars.  The  meteorological  observations  are  ordinarily 
made  by  Mr.  Searle,  who  also  has  charge  of  the  accounts,  corre- 
spondence, &c,  and  has  devoted  much  time  to  work  connected 
with  the  revision  and  publication  of  the  equatorial  observations. 
The  compilation  of  the  bibliography  of  the  variable  stars,  and  the 
computation  of  cometary  orbits  as  noted  below,  are  conducted  by 
Mr.  Chandler. 

Three  instruments,  the  equatorial,  meridian  circle,  and  merid- 
ian photometer,  have  been  kept  actively  at  work  during  the  past 
year.  The  last  of  these  instruments  has  proved  so  satisfactory 
that  a  large  one  is  being  constructed  to  carry  on  observations  of 
stars  too  faint  for  the  present  instrument.  The  new  photometer 
will  have  object-glasses  four  inches  in  diameter,  and  will  be  capa- 
ble of  measuring  any  star  brighter  than  the  tenth  magnitude.  It 
is  expected  that  such  measurements  will  form  a  part  of  the  perma- 
nent routine  work  of  the  Observatory.  The  relation  of  a  meridian 
photometer  to  other  photometers  resembles  that  of  a  transit 
instrument  to  a  sextant.  There  are  the  same  advantages  of  ra- 
pidity, ease  of  reduction,  and  probably  of  precision.  On  the  com- 
pletion of  the  new  photometer  we  shall  have  the  same  advantages 
for  measuring  the  light  of  any  star  that  an  observer  would  of 


finding  its  position  if  he  possessed  the  only  transit  instrument 
in  existence.  It  is  hoped  that  the  use  of  this  instrument  will 
become  more  general  when  its  advantages  are  appreciated.  I  un- 
derstand that  a  distinguished  German  astronomer  is  planning 
a  photometer  for  similar  work,  and  at  his  request  a  description  of 
the  instrument  used  here  has  been  forwarded  to  him. 

The  work  of  these  various  instruments  will  now  be  considered. 
That  of  the  large  telescope  may  be  classified  as  below,  with  refer- 
ence to  the  principal  objects  observed. 

Eclipses  of  Jupiter's  Satellites.  —  One  hundred  and  fifty-three 
of  these  eclipses  have  been  observed  photometrically,  sixty-four 
during  the  past  year.  One  improvement  has  been  introduced  by 
which  the  number  of  settings  may  be  nearly  doubled.  A  single 
observer  can  make  but  three  settings  a  minute,  or  one  in  twenty 
seconds.  With  an  assistant  to  record,  the  time  is  reduced  to  about 
nine  seconds.  This  time  has  been  reduced  to  five  seconds  by  the 
employment  of  two  assistants,  one  of  whom  reads  the  photome- 
ter circle,  while  the  other  records  and  observes  the  time  by  the 
chronometer.  As  the  observer  does  not  remove  his  eye  from 
the  eye-piece,  it  is  probable  that  the  accuracy  of  the  observations 
will  be  increased,  and  the  satellite  followed  nearer  to  the  point  of 
disappearance. 

Objects  having  Singular  Spectra.  —  The  search  for  these  objects 
has  been  much  interrupted  by  the  pressure  of  other  work.  Only 
perfectly  clear  nights  when  the  moon  is  absent  are  available,  and 
these  rarely  occur  at  certain  seasons  of  the  year.  The  general 
survey  of  the  heavens  with  a  telescope  of  four  inches  aperture 
has  been  completed  from  twenty  to  twelve  hours  of  right  ascen- 
sion. The  observations  during  the  summer  on  the  remaining 
eight  hours  were  so  much  interrupted  by  the  long  twilight  and 
other  causes  that  it  was  deemed  best  to  reserve  this  work  for 
another  season.  The  most  important  result  of  this  search  has  been 
the  discovery  of  the  peculiar  spectrum  of  the  star  LI.  13412. 
Three  bright  lines  were  found  having  wave-lengths  of  545,  486, 
and  466  millionths  of  a  millimeter.  The  second  of  these  lines 
probably  coincides  with  the  F  line  of  hydrogen.  The  other  two 
were  unexplained  until  Dr.  Konkoly,  in  "  The  Observatory,"  IV. 
257,  described  the  spectrum  of  Comet  1881  III.  (the  Great  Comet), 
as  containing  the  five  lines  560,  545,  515,  472,  and  468.  Three 
of  these,  the  first,  third,  and  fourth,  are  the  usual  cometary  lines ; 


the  other  two  appear  to  be  coincident  with  the  lines  of  LI.  13412. 
Accordingly,  while  other  comets  have  a  spectrum  identical  with 
that  of  the  stars  of  Secchi's  fourth  type,  and  apparently  largely 
composed  of  carbon,  this  comet  contains  a  substance  as  yet  un- 
known, which  one  star  only  is  as  yet  known  to  contain.  The 
bright-line  stars  in  Cygnu%  and  in  Sagittarius  also  give  the  line 
467,  but  differ  in  the  position  of  the  other  lines. 

Another  interesting  discovery  is  that  the  star  L2Puppis  has  a 
banded  spectrum.  This  star  is  more  than  forty-four  degrees 
south  of  the  equator,  and  at  the  time  of  observation  was  less  than 
two  degrees  above  the  horizon. 

Two  stars  were  found,  one  in  Puppis,  the  other  in  Ursa  Minor, 
which  from  their  color  and  spectrum  were  at  once  thought  to 
be  variables  of  long  period.  These  predictions  were  verified  by 
observation,  and  a  very  rapid  method  of  discovering  variable  stars 
is  thus  suggested.  An  announcement  of  the  last  of  these  discov- 
eries was  telegraphed  to  the  Astronomische  Gesellschaft  as  an 
example  of  the  cipher  code  referred  to  below. 

The  spectra  of  all  the  stars  north  of  — 40°,  marked  as  red  or 
colored  in  the  Uranometria  Argentina,  have  been  examined  in 
the  large  telescope.  In  most  of  them  no  peculiarity  of  spectrum 
could  be  detected.  From  the  remainder,  and  from  some  miscel- 
laneous sweeping  for  such  objects,  a  list  of  about  eighty  stars 
having  banded  spectra  has  been  compiled  and  published. 

Variable  Stars.  —  The  photometric  study  of  the  stars  ft  Persei 
and  DM.  81°  25,  proposed  in  my  last  report,  has  been  carried 
out.  The  number  of  comparisons  made  of  ft  and  o>  Persei  was 
2,748,  six  hundred  during  a  single  night.  On  this  occasion  the 
observations  were  continued  almost  without  intermission  from  a 
quarter  of  seven  in  the  evening  to  half  past  three  in  the  morning. 
In  like  manner,  3,276  comparisons  of  DM.  81°  25  and  26  were 
made  on  five  evenings.  Nine  hundred  settings  were  obtained 
during  one  night.  The  probable  error  of  a  single  minimum 
determined  in  this  way  js  only  about  1.3  minutes. 

Comets. — This  Observatory  has  taken  an  important  part  in  the 
early  distribution  of  circulars  relating  to  the  comets  recently 
discovered,  by  defraying  the  cost  of  telegrams,  and  by  furnishing 
the  necessary  observations  and  computations.  In  co-operation 
with  the  Dun  Echt  Observatory  and  the  Science  Observer,  circu- 
lars have  been  distributed  in  Europe  and  America,  giving  an 


early  announcement  of  the  elements  and  ephemerides  of  the  five 
new  comets  discovered  in  the  first  ten  months  of  1881.  The 
average  interval  between  the  time  of  announcement  of  the  comet 
and  the  issue  of  the  circular  has  been  less  than  a  week.  The 
interval  between  the  last  of  the  observations  needed  to  determine 
the  orbit  and  the  time  of  telegraphing  the  elements  to  Europe 
has  been  less  than  two  days.  The  computations  have  been  gen- 
erally made  by  Mr.  Chandler,  who  has  not  hesitated,  whenever 
necessary,  to  continue  them  through  the  entire  night.  No  im- 
portant error  has  occurred  in  their  telegraphic  transmission  to 
Europe,  by  means  of  the  ingenious  cipher  code  devised  by  Messrs. 
Chandler  and  Ritchie.  These  preliminary  orbits  proved  suffi- 
ciently accurate  for  the  purpose  for  which  they  were  intended. 
That  of  the  Great  Comet  of  the  year  (Comet  1881  III.),  was 
published  within  four  days  of  the  first  appearance  of  the  comet 
in  the  northern  heavens,  and  agreed  more  nearly  with  observation 
than  any  other  published  elsewhere  for  some  time.  This  agree- 
ment was  due  to  the  use  of  an  early  observation  made  at  Rio. 
Barnard's  Comet  was  not  found  in  Europe  until  the  publication 
of  the  ephemeris  computed  here.  Denning's  Comet  was  early 
suspected  by  Mr.  Chandler  to  be  periodic.  Elliptic  elements  were 
computed  by  him ;  but  a  later  mail  showed  that  be  had  been 
preceded  by  Dr.  Schulhof  of  Paris  in  this  work. 

The  use  of  the  large  telescope  in  the  observation  of  comets  has 
not,  in  general,  been  allowed  to  interfere  with  the  other  work  of 
this  instrument,  except  when  early  observations  were  needed  for 
the  determination  of  their  obits.  Almost  all  of  the  observations 
were  made  by  Mr.  Wendell,  many  of  them  late  in  the  night,  when 
the  telescope  was  not  otherwise  occupied.  Comet  1880  IV.  was 
observed  on  twenty-nine  nights ;  Comet  1881  II.,  on  two ;  Comet 
1881  III.,  on  forty-three ;  Comet  1881  IV.,  on  fifteen  ;  Barnard's 
Comet  1881,  on  ten  ;  and  Denning's  Comet  1881,  on  eight. 

Some  miscellaneous  measurements  have  also  been  made  of 
these  comets,  particularly  of  Comet  1881  III.  The  form  of  this 
comet's  tail  was  measured,  and  the  brightness  of  portions  of  it  at 
various  distances  from  the  head. 

Meridian  Circle.  —  During  the  past  year  observations  have 
been  made  on  250  days.  This  number  is  distributed  by  months 
as  follows :  — 
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Month.                        No.  Day§ 

1880. 

November   ...    26 

1880. 

December    ...    21 

1881. 

January.     ...     24 

tt 

February    ...     18 

«< 

March     ....     17 

it 

April 24 

1881. 


44 


it 


it 


it 


it 


Mosul. 

Way  .  . 
June  .  . 
July  .  . 
August  . 
September 
October  . 


No.  Day*. 

.  20 

.  18 

.  22 

.  12 

.  23 

.  25 


The  whole  number  of  observations  made  during  the  past  year 
is  as  follows  :  — 

No.  Obs. 


Polaris.  Upper  Culmination 

Polaris.  Lower  Culmination 

Sun.  Vernal  Equinox    . 

Autumnal  Equinox 

North  Solstice  .     . 

South  Solstice  .     . 

Fundamental  Stars 
Polar  Stars.    Upper  Culmination 

Lower  Culmination 
Miscellaneous 


122 
110 
31 
45 
13 
15 


293 
170 


Total  No.  Oba. 


232 


158 
1909 

403 
350 


The  observations  for  the  determination  of  the  horizontal  flexure 
by  means  of  the  collimators  have  been  continued  throughout  the 
entire  year  as  often  as  the  atmospheric  conditions  have  been 
favorable.  The  whole  number  of  observations  is  fifty-eight.  It 
was  stated  in  the  last  report  that  the  horizontal  flexure  for  Jan- 
uary of  any  year  had  been  found  to  be  about  0".6  greater  than 
for  July  of  the  same  year.  Since  that  time  the  values  of  this 
function  derived  from  the  fundamental  stars  observed  have  been 
computed  for  the  years  1876  and  1877.  We  have  now,  therefore, 
sufficient  data  to  determine  the  reality  of  this  apparent  variation. 
The  values  given  below  represent  the  difference  between  the 
value  of  the  correction  described  as  horizontal  flexure  for  the  mean 
of  the  months  of  January  and  December  of  any  year  and  for  the 
montli  of  July  of  the  same  year  both  from  the  fundamental  stars 
and  from  the  collimators. 


From  the  Fundamental  Stan. 
Jan.+Deo. 


2 
1872 

1873 
1874 
1875 
1876 
1877 
1878 

Means 


-  —  July  a  Ri. 
rr 

--0.64 

--0.39 

--1.09 

--0.73 

-  -0.14 

--0.71 

4-0.62 

+0.62 


From  the  Collimator!. 

Jan.  —  July  a  R«.  , 
rr 

1879  +0.73 

1880  +0.56 

1881  -4-0.48 


+0.59 


The  action  of  temperature  upon  the  screws  by  which  the  two 
halves  of  the  tube  of  the  telescope  are  joined  to  the  cube  of  the 
circle  is  suggested  as  the  probable  cause  of  this  difference.  Ob- 
servations with  the  long  collimator  for  the  determination  of  the 
variation  of  the  instrumental  constants  of  the  instrument  have 
been  continued  throughout  the  year.  For  the  most  part  there  are 
two  series  during  each  day  on  which  stars  have  been  observed. 
During  the  autumn  and  winter,  the  image  of  the  concentric  rings, 
or  the  focus  of  the  collimator,  remains  remarkably  steady ;  but 
during  the  summer,  it  has  been  found  necessary  to  limit  the 
observations  to  the  evening  and  to  the  early  morning  hours.  As 
a  further  check  upon  the  variability  of  the  index-error  of  the  circle, 
some  experiments  were  made  with  the  reserve  level  of  the  Russian 
transit ;  this  method,  however,  proved  unsatisfactory.  .  A  level  of 
the  form  invented  by  Mr.  John  Clark  was  ordered  of  Fauth 
&  Co.,  and  was  mounted  upon  the  cube  of  the  telescope  in  May. 
The  use  of  this  instrument  has  been  limited  to  the  determination 
of  the  variability  of  the  level  of  the  telescope  and  of  the  index- 
error  of  the  circle.  A  definitive  opinion  of  the  value  of  this 
method  of  detecting  changes  in  the  position  of  the  zero  of  the 
circle  must  be  deferred  till  the  value  of  the  index-error  has  been 
derived  from  the  observations  of  Polaris.  According  to  present 
indications  the  level  gives  somewhat  better  results  than  the  long 
collimator.  At  present  the  observations  are  arranged  for  the 
detection  of  changes  occurring  between  the  morning  and  evening 
hours. 

A  decided  improvement  in  the  performance  of  the  Standard 
Clock,  Frodsham  No.  1327,  has  been  maintained  since  its  removal 
to  the  cellar  of  the  building,  as  is  shown  below  in  the  account 
of  the  Time  Service.  The  extreme  variation  of  the  thermometer 
placed  within  the  room  and  read  through  a  glass  window  from 
the  outside  has  been  8°.  Comparisons  of  this  clock  with  the 
mean-time  clock  at  Waltham  have  been  continued  as  before  by 
means  of  the  line  of  telegraph  erected  for  the  purpose. 

The  investigation  of  the  errors  of  the  fixed  circle  of  the  tele- 
scope for  each  degree  was  completed  in  August.  A  metal  plate 
having  an  arc  of  15°  subdivided  to  5'  was  used  for  the  investiga- 
tion. It  was.  attached  to  the  frame  which  carries  the  microscopes 
opposite  the  circle  to  be  examined.  The  frame  proved  to  be 
capable  of  revolution  with  no  sensible  disturbance  of  the  focus  of 
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the  microscopes.  Each  15°  of  the  fixed  circle  was  compared  with 
the  constant  arc  upon  the  plate.  Two  series,  one  in  May  and  the 
other  in  August,  show  a  good  agreement.  The  maximum  error 
of  any  space  was  found  to  be  about  1".4,  and  the  accumulated 
systematic  error  for  180°  does  not  exceed  1".3.  The  errors  of 
the  single  degrees  were  found  by  comparing  each  degree  with  the 
first  degree  of  the  metal  plate.  From  the  provisional  reductions 
it  appears  that  the  accidental  errors  of  division  rarely  reach  1"  and 
that  with  two  or  three  exceptions  they  never  exceed  1".3.  The 
investigation  is  to  be  completed  by  an  examination  of  each  space 
of  5'. 

Observations  of  certain  stars  were  made  at  the  request  of  Pro- 
fessor Davidson  of  the  United  States  Coast  Survey,  of  Professor 
Hall  of  the  Naval  Observatory,  and  of  Captain  Tupman  of  the 
Greenwich  Observatory.  Two  observations  were  made  of  Comet 
1881  III.,  and  a  special  series  of  280  observations  was  made  for 
the  purpose  of  ascertaining  whether  the  telescope  moves  in  a 
vertical  plane  during  its  revolution. 

The  chronograph  sheets  for  1880-81  have  been  read  off  to  July 
of  the  current  year.  Since  the  last  report,  considerable  progress 
has  been  made  in  the  reduction  of  the  zone  observations.  In  the 
preliminary  reductions  of  the  fundamental  stars,  the  observations 
of  a  few  stars  were  found  to  indicate  persistently  a  disagreement 
with  the  fundamental  positions  of  Publication  XIY. 

By  comparing  the  separate  values  of  (AT-\-m)  and  of  the  equa- 
tor-point correction  for  each  date  with  the  mean  values  of  these 
functions  for  the  same  date,  a  list  of  stars  showing  substantially 
the  same  discordances  from  year  to  year  was  made  out.  From 
this  list  twelve  stars  in  right  ascension  and  forty  stars  in  declina- 
tion were  selected  for  special  examination.  A  list  of  the  result- 
ing corrections  to  the  positions  in  Publication  XIY.  was  submitted 
to  Professor  Auwers,  with  a  request  for  instructions  in  regard  to 
the  proper  course  to  be  pursued  in  this  case.  He  has  subsequently 
authorized,  on  behalf  of  the  Council  of  the  Astronomische  Gesell- 
schaft,  the  use  of  the  provisional  corrections  already  found. 
The  actual  determination  of  the  definitive  values  of  (JT-\-m)  and 
of  the  equator-point  correction  has  been  unavoidably  delayed  by 
this  inquiry. 

The  right  ascension  constants  have  now  been  determined  for 
the  entire  series  from.1870  to  1879,  and  the  declination  constants 
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have  also  been  found  for  the  same  time,  except  for  the  year 
1871-72.    The  computation  for  this  interval  is  nearly  completed. 

The  entire  number  of  dates,  for  which  the  constants  have  been 
determined,  is  1,263.  The  tabular  reductions  to  apparent  place 
and  the  refractions  have  been  completed  for  the  entire  series  of 
zone  observations.  The  reductions  have  been  made  for  intervals 
of  twenty  minutes  in  right  ascension  and  two  degrees  in'declina- 
tion.  The  whole  number  of  days  for  which  these  computations 
have  been  made  is  633,  and  the  number  of  individual  reductions 
is  about  12,000. 

Meridian  Photometer.  —  The  work  originally  proposed  for  this 
instrument  of  measuring  on  three  nights  the  light  of  each  of  the 
naked-eye  stars  visible  in  this  latitude  was  essentially  completed 
August  25, 1881.  The  observations  will  be  continued  during  an- 
other year,  as  the  necessary  delay  for  reduction  and  publication  will 
not  thereby  be  greatly  increased.  Of  the  four  thousand  stars  in  our 
catalogue,  about  fifteen  hundred  have  been  selected  for  re-obser- 
vation on  three  nights  each.  We  shall  thus  obtain  at  least  six 
observations  of  these  stars,  which  include  all  those  brighter  than 
the  fourth  magnitude,  all  those  used  in  the  principal  nautical 
almanacs  as  standards,  and  all  those  of  which  the  first  measures 
proved  discordant.  About  seventy-six  thousand  measures  have 
been  made  in  all ;  thirty-six  thousand  since  November  1,  1880. 

From  a  discussion  of  the  upper  and  lower  culminations  of  a 
hundred  circumpolar  stars,  the  law  of  atmospheric  absorption  has 
been  deduced,  and  the  corresponding  correction  for  each  of  the 
stars  observed  determined.  All  the  readings  have  been  reduced 
to  magnitudes,  corrected  for  the  difference  in  transparency  of  the 
prisms,  the  mean  taken  when  the  stars  are  completed,  the  residuals 
derived,  and  the  probable  error  deduced.  This  work  has  also  been 
in  a  great  measure  checked  and  entered  in  the  sheets  of  copy  ready 
for  publication. 

A  comparison  of  the  photometric  observations  with  those  made 
by  the  naked  eye  is  much  to  be  desired.  The  Uranometria  Argen- 
tina furnishes  the  means  of  doing  this  with  the  southern  stars,  but 
extends  only  to  10°  north.  Accordingly,  all  the  stars  in  the  Atlas 
Coelestis  Novus  of  Heis  north  of  the  equator,  and  brighter  than 
the  sixth  magnitude  inclusive,  are  being  measured  by  the  eye, 
aided,  when  necessary,  by  an  opera-glass.  Each  star  is  to  be 
measured  by  three  observers,  who  are  to  compare  it  with  two  stars 
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in  the  vicinity  of  the  pole,  one  being  a  little  brighter,  the  other  a 
little  fainter.  The  interval  between  the  two  is  supposed  to  be 
divided  into  ten  parts,  and  the  brightness  of  the  star  to  be  meas- 
ured is  estimated  in  terms  of  tins  interval.  The  standard  stars, 
one  hundred  and  fifty-seven  in  number,  include  all  stars  brighter 
than  the  second  magnitude,  and  those  between  60°  and  75°  north, 
which  are  used  in  determining  the  atmospheric  absorption.  The 
total  number  of  comparisons  required  for  this  work  is  about 
nine  thousand,  of  which  nearly  a  quarter  have  already  been 
made. 

Time- Signals.  —  The  distribution  of  time-signals  continued 
in  charge  of  Mr.  F.  Waldo  until  June  1,  and  since  then  Mr. 
Edmands  has  assumed  their  care.  Special  attention  is  now  given  to 
keeping  the  error  always  small,  instead  of  reducing  it  to  zero  at 
10  a.  M.  By  graphical  methods,  the  accuracy  of  the  determination 
of  the  error  during  long  periods  of  cloudy  weather  has  been  much 
increased.  It  is  believed  that  the  error  rarely  exceeds  two  tenths 
of  a  second  in  clear  weather,  and  four  tenths  when  cloudy,  and 
that  the  error  seldom  changes  more  than  two  tenths  of  a  second 
from  one  day  to  the  next. 

In  July,  the  mean-time  clock,  Bond  394,  stopped,  after  send- 
ing the  signals  continuously  for  four  years.  It  was  kept  in  use, 
however,  till  October,  when  it  was  dismounted  and  thoroughly 
repaired.  Meanwhile,  from  October  7  to  October  21,  the  time- 
signals  were  sent  by  the  clock  of  Messrs.  W.  Bond  &  Son,  in 
Boston.  It  is  hoped  that  hereafter  it  will  not  be  necessary  to  take 
this  course,  as  the  sufficiently  exact  regulation  of  a  clock  so  far 
from  the  Observatory  proved  to  be  a  troublesome  and  laborious 
undertaking.  In  August,  the  standard  sidereal  clock,  Frodsham 
1327,  was  cleaned  and  removed  to  the  new  brick  vault  under  the 
west  Equatorial.  For  a  period  of  twenty-five  days,  beginning 
August  30,  during  which  it  was  left  wholly  undisturbed,  its  per- 
formance was  remarkable  both  for  the  uniformity  and  minuteness 
of  its  rate.  Its  error  did  not  vary  two  tenths  of  a  second  on  the 
thirty-two  occasions  on  which  it  was  compared  with  the  stars. 

Various  ingenious  devices  have  been  adopted  by  Mr.  Edmands 
for  use  in  the  Time  Service.  Among  others  may  be  named  those 
for  making  a  single  clock  run  two  independent  observing  circuits, 
without  the  use  of  relays,  and  without  interference  of  the  ob- 
servations.   Spark  arresters  have  been  introduced,  that  on  the 
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standard  clock  being  a  sounder  which  gives  the  breaks  of  the 
clock  without  those  of  the  observer.  Another  sounder  gives  the 
time-signals  uninterrupted  by  the  five-minute  break.  Experiments 
are  in  progress  with  a  view  of  improving  the  methods  of  distribut- 
ing standard  time.  One  pf  the  most  important  of  the  proposed 
improvements  is  a  contrivance  by  which  the  signals  may  be  de- 
layed by  any  desired  fraction  of  a  second  without  affecting  the 
clock.  An  error  in  the  signals  may  thus  be  corrected  without 
interference  with  the  pendulum.  By  this  means  many  variations 
in  the  rate  of  the  clock  may  be  prevented,  aud  its  performance 
proportionally  improved. 

The  time-ball  has  been  dropped  correctly  on  322  days  at  twelve 
o'clock  by  telegraph.  Owing  to  repairs  to  the  roof  of  the  building, 
it  was  not  dropped  during  an  interval  of  thirty-five  days.  On  five 
days  it  was  dropped  at  twelve  o'clock  by  hand.  On  two  days  it 
failed  to  drop  at  twelve,  and  was  dropped  five  minutes  later, 
according  to  the  rule  ;  and  on  one  day  ice  on  the  mast  prevented 
it  from  being  raised. 

Publication.  —  Volume  XIII.  of  the  Annals  is  now  in  process 
of  publication,  and  will  be  issued  as  soon  as  it  can  be  got  through 
the  press.  It  will  contain  the  results  of  the  work  with  the  large 
telescope,  under  the  direction  of  the  late  Professor  Winlock,  and 
also  the  micrometric  measurements  made  up  to  the  present  time. 
Among  other  subjects  treated  will  be  a  discussion  of  the  focal 
length  of  the  telescope  and  the  pitch  of  the  micrometer-screw ; 
measurements  of  double  stars  ;  observations  of  nebulae  and  of  their 
spectra  ;  satellites  of  Saturn,  Uranus,  and  Neptune  ;  satellites  of 
Mars  during  the  opposition  of  1877  and  1879 ;  positions  of  aste- 
roids and  comets.  An  appendix  will  be  added,  giving  an  impor- 
tant list  of  errata  in  the  zone  observations  of  Professor  Bond, 
kindly  furnished  by  Dr.  C.  H.  F.  Peters.  As  soon  as  this  volume 
is  completed  the  printing  of  Volume  XIV.  will  probably  be  com- 
menced. It  will  contain  the  measures  made  with  the  meridian 
photometer. 

The  papers  mentioned  below  have  appeared  during  the  year  as 
communications  from  officers  of  the  Observatory :  — 

Variable  Stars  of  Short  Period.  By  Edward  C.  Pickering, 
Proc.  Am.  Acad.,  xvi.  257.  Reprinted  in  The  Observatory,  iy. 
288, 264,  284. 
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Large  Telescopes.  By  Edward  C.  Pickering.  Proc.  Am.  Acad., 
xvi.  364.    Reprinted  in  Nature,  xxiv.  389. 

Photometric  Measurements  of  the  Variable  Stars  £  Persei  and 
DM.  81°  25,  made  at  the  Harvard  College  Observatory.  By  Ed- 
ward C.  Pickering,  Director,  Arthur  Searle,  and  0.  C.  Wendell, 
Assistants.     Proc.  Am.  Acad.,  xvi.  370. 

On  the  Probable  Period  of  Swift's  Comet.  By  S.  C.  Chandler, 
Jr.     Astr.  Nachrichten,  xcix.  45. 

Comet  III.  1869.  By  Edward  C.  Pickering.  Astr.  Nachrich- 
ten, xcix.  95. 

Observations  of  Last  Contact  of  Solar  Eclipse.  By  Edward  C. 
Pickering.     Astr.  Nachrichten,  xcix.  107. 

Elements  of  Pechule's  Comet  (/)  1880.  By  S.  C.  Chandler, 
Jr.     Astr.  Nachrichten,  xcix.  109. 

The  Comparison  of  Sirius.  By  Edward  C.  Pickering.  Astr. 
Nachrichten,  xcix.  219. 

On  Certain  Zodiacal  Phenomena.  By  Arthur  Searle.  Astr. 
Nachrichten,  xcix.  91,  369. 

Objects  remarkable  for  their  Colors  or  Spectra.  By  Edward 
C.  Pickering.     Astr.  Nachrichten,  xcix.  375. 

The  Coefficient  of  Safety  in  Navigation.  By  W.  A.  Rogers. 
Proc.  U.  S.  Naval  Institute,  vii.  No.  2. 

A  review  of  Vol.  XL  Part  II.  of  the  Annals  of  the  Observa- 
tory, by  Dr.  E.  Lindemann,  appeared  in  the  Vierteljahrsschrift 
der  Astr.  Gesellschaft,  xvi.  108.  A  review  of  the  articles  on 
Variable  Stars  appeared  in  the  Crtfnica  Cientifica  (Barcelona),  iv. 
401.  Other  notices  of  the  Observatory  and  its  work  will  be  found 
in  Nature,  xxii.  483,  611 ;  xxiii.  321,  338,  604 ;  in  Science,  ii. 
83, 107, 141, 164,  329, 447, 482  ;  in  The  Observatory,  iv.  81, 113, 
116,  154,  245 ;  in  Copernicus,  i.  139, 140. 

With  reference  to  the  article  on  large  telescopes,  it  may  be 
noted  that  should  any  addition  be  made  to  the  equipment  of  the 
Observatory,  a  telescope,  mounted  according  to  the  method  there 
described,  is  recommended.  It  is  believed  that  in  no  other  way 
could  the  same  amount  of  work  be  obtained  with  a  given  expen- 
diture. With  our  .present  resources,  however,  it  is  much  more 
desirable  to  keep  the  instruments  we  now  have  actively  at  work 
than  to  make  any  addition  to  their  number. 

An  important  piece  of  bibliographical  work  has  been  undertaken, 
and  placed  in  charge  of  Mr.  Chandler.     The  references  to  obser- 
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rations  of  stars  of  known  or  suspected  variability  have  been  col- 
lected, and  those  of  each  star  brought  together.  This  portion  of 
the  work  is  more  than  half  completed.  The  comparison  stars  are 
then  to  be  measured  photometrically,  and,  finally,  a  reduction  to  a 
uniform  system  to  be  made  of  all  the  observations  of  variables  of 
long  period. 

Various  improvements  have  been  made  in  the  condition  of  the 
buildings  and  grounds.  Two  wooden  balconies,  having  an  area  of 
seven  feet  by  seventeen,  have  been  constructed,  to  replace  the 
small  iron  balconies  to  the  east  and  west  of  the  large  dome.  They 
are  exceedingly  convenient  for  observations  made  with  small  in- 
struments or  with  the  naked  eye. 

In  order  to  connect  the  previous  determinations  of  longitudes  by 
the  U.  S.  Lake  Survey  with  an  established  meridian,  it  was  pro* 
posed  by  the  Superintendent  of  the  Survey  to  determine  the  differ- 
ence of  longitude  between  Detroit  and  Cambridge.  Facilities  for 
the  work  were  accordingly  furnished  by  this  Observatory,  and  the 
observations  required  were  made  by  officers  of  the  Survey.  Later 
in  the  season,  a  course  of  experiments  on  the  force  of  gravity,  by 
means  of  pendulum  observations,  was  conducted  at  the  Observatory 
by  officers  of  the  U.  S.  Coast  Survey,  who  were  provided  with 
similar  facilities  for  their  work.  The  West  Equatorial  was  lent 
for  the  summer  months  to  Professor  S.  P.  Langley,  who  used  it 
in  observations  made  on  the  summit  of  Mount  Whitney,  in  Cali- 
fornia. 

There  are  some  advantages  in  an  early  announcement  of  proposed 
investigations,  even  when  the  preliminary  experiments  are  not 
sufficiently  advanced  to  insure  their  execution.  The  aid  and  ad- 
vice of  other  astronomers  may  thus  sometimes  be  secured,  and  the 
danger  of  duplication  of  work  is  greatly  reduced.  No  change  in 
the  character  of  the  work  is  proposed,  except  that  an  attempt  will 
be  made  to  restrict  the  work  of  the  large  telescope  more  closely 
to  large  pieces  of  routine  work.  Such  investigations  are  less 
likely  to  be  made  at  observatories  where  the  corps  of  assistants  is 
smaller,  and  have  a  value  not  attained  by  detached  observations. 
With  the  ultimate  object  of  determining  the  distribution  of  the 
light  in  the  spectra  of  the  banded  stars,  a  stellar  spectroscope  has 
been  ordered  of  Mr.  Hilger,  of  London.  With  this  it  is  proposed 
to  measure  the  position  of  the  principal  lines  in  the  spectra  of  all 
the  banded  stars  as  yet  known.     A  catalogue  of  these  objects  has 
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already  been  compiled.  With  the  approval  and  assistance  of  the 
Selenographical  Society,  the  photometric  determination  of  the 
brightness  of  various  points  on  the  surface  of  the  moon  has  been 
undertaken.  The  Society  has  furnished  a  list  of  regions  suitable  for 
standards,  and  the  observations  may  be  begun  after  the  decision  of 
some  further  preliminary  questions.  The  most  important  of  these 
relates  to  the  age  of  the  moon  at  which  the  comparisons  should 
preferably  be  made.  In  co-operation  with  other  astronomers,  a 
system  of  standards  of  brightness  for  faint  stars  has  been  devised, 
and  measurements  of  their  light  will  be  shortly  undertaken. 

The  new  meridian  photometer  will  be  used  for  measuring  vari- 
able stars  and  their  comparison  stars,  and  also  for  determining 
the  light  of  the  brighter  asteroids.  An  important  piece  of  work  is 
now  under  consideration,  which  would  occupy  this  instrument  for 
several  years.  During  the  revision  of  the  Durchmusterung,  under- 
taken by  a  number  of  co-operating  observatories,  and  now  ap- 
proaching completion,  each  of  the  zones  into  which  the  entire  region 
to  be  surveyed  was  divided,  was  somewhat  extended  northward  and 
southward,  so  as  to  overlap  the  adjacent  zones.  The  object  of  this 
extension  was  to  connect  the  work  of  the  different  observers. 
Hence,  the  portions  of  the  sky  occupied  by  the  overlapping  borders 
of  the  zones  offer  a  promising  field  for  photometric  research,  as 
each  determination  may  be  compared  with  the  estimates  of  magni- 
tude made  independently  by  two  observers,  with  the  Durchmus- 
terung itself,  with  the  zones  of  Argelander  and  Bessel,  and  with 
various  other  authorities.  The  number  of  stars  to  be  measured  is 
estimated  at  about  six  thousand,  and  the  time  required  for  the  ob- 
servations with  the  new  meridian  photometer  would  be  at  least 
three  years. 

EDWARD  C.    PICKERING,  Director. 
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I. 


Read  Jane  9,  1880. 


The  most  convenient  way  of  stating  the  relative  positions 
of  a  large  number  of  points,  either  for  record  or  for  mapping, 
is  to  give  their  latitudes  and  longitudes.  But  other  methods 
have  been  suggested,  mainly  to  avoid  the  complicated  calcu- 
lations involved  by  the  fact  that  the  horizontal  surface,  upon 
which  everything  is  supposed  to  be  projected,  is  not  plane  but 
spheroidal.  Believing  that  it  is  desirable  to  extend  the  use 
of  latitudes  and  longitudes,  rather  than  to  provide  substitutes, 
the  writer  has  been  led  to  inquire  to  what  extent  we  may 
simplify  the  formulae,  for  application  to  points,  where  the  dis- 
tances involved  are  small,  and  where  the  accuracy  sought  is 
less  than  that  required  in  primary  or  secondary  triangulation. 

The  problem  is  to  find  the  latitude  and  longitude  of  a 
point,  the  distance  and  direction  of  which  are  given  from  a 
point  of  known  latitude  and  longitude.  Various  methods 
have  been  used,  adequate  to  the  needs  of  the  most  careful 
survey;  and  it  is  customary  for  secondary  triangulation  to 
omit  some  of  the  refinements  necessary  for  long  primary 
lines ;  but  the  writer  has  seen  no  further  simplification,  pro- 
posed for  application  to  tertiary  stations. 

Let  K=  the  given  geodetic  distance  between  two  points ; 
let  L  and  M=  the  given  latitude  and  the  given  longitude  of 
the  first  point ;  and  let  Z  =  the  given  azimuth  of  the  line 
passing  from  the  first  point  to  the  second,  counted  from  the 
south  around  by  the  west  continuously  up  to  360°.  Also  let 
Ll%  Ml%  and  Zx  =  respectively  the  required  latitude,  longi- 
tude, and  azimuth  for  the  second  point ;  let  2*  and  M0  =  re- 
spectively the  latitude  and  longitude  of  a  point  midway 
between  the  two ;  and  let  Z0  =  the  azimuth  of  the  line 
at  that  middle  point  toward  the  second  point.     Finally  let 
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zfZ=Zl — Z±180°  =  the  variation  of  the  azimuth  of  the 
line  in  moving  from  the  first  point  to  the  second.  Distances 
are  to  be  expressed  in  meters,  and  differences  of  latitude, 
longitude,  or  azimuth  in  seconds  of  arc.  North  latitude  and 
west  longitude  are  to  be  taken  positive,  and  remarks  as  to 
sign  apply  only  to  the  northern  hemisphere. 

According  to  the  equation  recommended  by  Prof.  J.  E. 
Hilgard  for  use  in  the  secondary  triangulation  of  the  U.  S. 
Coast  Survey,1  the  difference  in  latitude  between  the  mid- 
dle point  and  the  second  point  would  be, 

iff— A  =  B0~2  cos  ^o+  Co  -j-  sin8  Zo-\-D0  (2?0  2  cos  Zq)2 

where  B0y  d,  and  D0  are  values  corresponding  to  the  lati- 
tude of  the  middle  point,  and  given  in  tables  published  by 
the  Coast  Survey.  Similarly,  for  the  difference  in  latitude 
between  the  middle  point  and  the  first  point,  we  should  have 

io— L  =  —B0  *  cos  Z0+  C0  ^  sin2  2*+ A  (B0  ~  cos  Ztf 

The  difference  of  these  two  equations  gives,  for  the  differ- 
ence in  latitude  between  the  first  and  the  second  point, 

L— Lx  =  JBoK  cos  Z0 ,  (1) 

the  device  of  resorting  to  the  middle  point  having  secured 
the  elimination  of  the  other  terms.  As  B0  and  IT  are  always 
positive,  the  sign  of  (Z — L{)  will  be  that  of  cos  Z0. 

For  the  difference  in  longitude  between  the  first  and  the 
second  point,  we  may  use  the  formula  recommended  for  the 
secondary  triangulation  of  the  Coast  Survey, 

where  Ax  is  a  value  corresponding  to  the  latitude  of  the 
second  point,  and  given  in  the  tables.  As  Au  K,  and  cos  1^ 
are  always  positive,  the  sign  of  (Mx — HT)  will  be  that  of  sin  Z. 
Treating  this  similarly  to  the  difference  of  latitude,  we 
should  have 

M  =  ak*\*z        Mr_M=  Mi^?, 

w  2  cos  L0    '  "  2  cos  LQ  ' 

where  A0  is  the  tabular  value  corresponding  to  the  latitude  of 
the  middle  point.  Subtracting,  and  taking  J  (sinZ — sinZ2) 
=  sin  Z0,  very  nearly,  we  then  have, 

1  Report  for  I860,  Appendix  No.  36 ;  again  in  Report  for  1876,  Appendix  No.  10. 
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For  the  quantity  AZ,  the  formula  recommeuded  for  the 
secondary  triangulation  of  the  Coast  Survey  is 

— AZ  =  (Mx—M)  sin  J  (Z-f  Xj).  (4) 

But  we  may  write  without  sensible  error,  sin  £(£4"A)=sinZb, 
and  substituting  also  the  value  of  (itfj — M)  given  by  (3),  we 
have  very  nearly 

— AZ  =  IT  sin  Zq  •  Aq  tan  X0.  (6) 

The  quantity  given  by  (4)  or  by  (5)  is  called  the  conver- 
gence of  the  meridians.  According  to  (4)  it  equals  the  differ- 
ence of  longitude,  multiplied  by  a  factor  corresponding  to 
the  latitude.  The  following  table  gives  the  values  of  this 
factor  for  six  latitudes. 


Lotitud*. 

Factor. 

latitude. 

Factor. 

23°  35' 

0.4 

44°  26' 

0.7 

80°  00' 

0.5 

53°  08' 

0.8 

86°  52' 

0.6 

643  09' 

0.9 

The  sign  of  AZ  is  opposite  to  that  of  (Afx — Jf),  so  that  half 
the  result  of  (4)  or  (5)  will  be  numerically  subtracted  from 
Z  when  the  second  point  is  farther  west  than  the  first,  and 
added  when  the  second  point  is  the  farther  east. 

The  calculation  may  be  made  in  the  following  manner. 
Estimate  the  mean  latitude  Z*  and  also  the  difference  in  lon- 
gitude (3/i — if).  With  these,  estimate  the  convergence  of 
the  meridians  by  aid  of  the  remarks  following  (5).  Half  of 
this  convergence  added  to  Z  (or  subtracted  from  it,  as  the 
case  may  be)  gives  an  estimate  of  Z0.  With  these  estimates 
solve  (5),  using  log  Aq  =  8.509,  or  taking  its  value  from  the 
tables  which  accompany  this  paper,  when  four  places  are 
desired.  Half  this  result  added  to  or  subtracted  from  Z  (as 
the  case  may  be)  gives  a  sensibly  accurate  value  of  Z*.  With 
this  solve  (1),  consulting  the  tables  for  the  value  of  B*  corre- 
sponding to  the  estimate  of  Xq.  Finally  solve  (2),  taking  Ax 
from  the  tables.  A  map  will  aid  in  the  estimates,  even  when 
one  locates  the  point  upon  it  by  the  eye. 

When  the  distance  is  short,  and  the  point  is  already  mapped 
with  a  fair  degree  of  accuracy,  first  solve  (4),  using  In  and 
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Mi  as  derived  from  the  map,  and  then  solve  (1)  and  (8). 
The  use  of  (3)  instead  of  (2)  will  enable  the  constants  and 
the  trigonometrical  functions  of  Z  to  be  taken  from  tables, 
for  (1)  and  for  (8)  simultaneously ;  but  a  new  value  of  Lq 
should  be  used  in  (8),  derived  from  that  of  Li  just  calculated. 

When  the  distance  is  long,  and  no  good  estimate  of  Mx  is 
to  be  had,  first  solve  (2)  or  (3)  approximately.  With  this 
as  an  estimate  of  Mx,  proceed  as  directed  at  first  A  case 
might  arise  calling  for  a  similar  preliminary  solution  of  (1). 

Should  dZ  be  wanted  for  its  own  sake  with  greater  accu- 
racy, make  a  final  solution  of  the  equation,1 

-JZ^iMr-M)^^.  (4,) 

The  tables  give  the  logarithms  of  A,  the  number  of  seconds 
per  meter  in  length  of  arc  of  the  prime  vertical  (or  section  of 
the  earth  perpendicular  to  the  meridian),  and  of  B,  the  num- 
ber of  seconds  per  meter  in  length  of  arc  of  the  meridian. 
They  are  derived  from  the  voluminous  tables  published  by 
the  U.  S.  Coast  Survey,8  applying  the  corrections  there  tabu- 
lated for  converting  from  the  Bessel  spheroid  to  that  derived 
by  Col.  A.  R.  Clarke,  of  the  Royal  Engineers,  embodying  the 
results  of  additional  measurements.  Bessel's  terrestrial  ele- 
ments were  considered  to  be  subject  to  an  uncertainty  of 
nearly  500  meters  in  the  quadrant,  or  1  in  20,000,  which 
would  correspond  to  an  uncertainty  of  about  two  units  in  the 
fifth  decimal  place  of  logarithms.  This  agrees  with  the  cor- 
rection made  in  the  length  of  arc  of  meridian  in  low  latitudes ; 
but  for  latitude  60°  the  correction  amounts  to  about  six  units 
in  the  fifth  decimal  place  of  the  logarithms,  which  is  also 
roughly  that  to  which  the  length  of  arc  of  the  prime  vertical 
has  been  subjected  throughout.  From  this  it  would  appear 
that,  except  for  special  geodetic  purposes,  theruse  of  the  sixth 
place  in  the  logarithms  would  be  assuming  a  better  knowl- 
edge of  the  dimensions  of  the  earth  than  can  be  asserted  to 
exist. 

The  arrangement  of  the  tables  is,  perhaps,  original.  The 
values  of  the  logarithm  progressing  regularly  by  five  in  the 
fifth  place,  the  tables  give  not  only  the  latitude  corresponding 

1  Recommended  for  the  primary  triangulation  of  the  Coast  Surrey. 

*  To  eight  decimal  places  in  the  Report  for  I860,  and  to  seven  in  that  for  1876. 
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to  each  four-place  logarithm,  but  also  the  limits  of  latitude 
within  which  the  latter  is  the  nearest  four-place  value.  The 
third  column  gives  the  number  of  units  difference  in  the  fifth 
place  of  the  logarithm  per  minute  of  latitude,  to  aid  in  inter- 
polating. Thus,  while  especially  adapted  to  four  places,  the 
tables  are  convenient  for  five,  and  available  to  six. 

In  regard  to  the  accuracy  of  the  formulae,  notice  that  (2) 
and  (4)  are  identical  with  those  recommended  for  the  second- 
ary triangulation  of  the  Coast  Survey,  that  (1)  is  at  least 
as  accurate  as  the  one  there  recommended,  and  that  the  ap- 
proximations by  which  (8)  and  (5)  were  obtained,  and  by 
which  Z.  is  taken  equal  to  Z-\-\  AZ^  introduce  errors  which 
are  inappreciable  on  account  of  the  small  magnitudes  of  AZ 
and  of  the  distances  for  which  (3)  is  recommended.  More- 
over (4),  used  by  the  Survey,  is  itself  an  approximation. 

It  remains  to  consider  the  accuracy  with  which  the  method 
can  be  carried  out.  An  error  as  large  as  0°.2  in  the  estimate 
of  Lx  (0°.l  in  Zb)  will  not  seriously  affect  the  logarithms  of  Ax 
and  Bo  in  the  fifth  place.  An  error  of  2'  in  the  estimate  of  Ly 
or  of  AZ  (V  in  L0  or  in  J  AZ)  will  hardly  cause  an  error  of 
1"  in  AZ  as  obtained  from  (5),  where  the  difference  of  longi- 
tude does  not  exceed  a  degree ;  and  only  half  this  error  enters 
(1)  or  (3).  Equation  (2)  involves  no  estimates.  An  error 
of  20"  in  the  value  of  Mx  derived  from  a  map,  will  give  AZ 
by  (4)  within  less  than  20",  which  gives  Z0  within  less  than 
10"  for  use  in  (1)  and  (3).  This  last  is  all  that  is  required 
for  short  distances,  besides  being  as  accurate  as  is  called  for 
by  the  character  of  many  of  the  angular  observations.  Equa- 
tions (1)  and  (2)  should  be  solved  with  five-place  logarithms, 
when  it  is  desired  to  be  accurate  to  one  or  two  hundredths  of 
a  second  of  latitude  and  longitude  with  values  of  (Z— Zi) 
and  (J/i — Jf)  ranging  from  1'  to  15'. 

The  equations  are  readily  adaptable  to  calculating  the 
azimuth  when  the  positions  of  the  two  points  are  given.  An 
interesting  case  calling  for  such  a  solution  arose  in  running 
the  Canadian  boundary  in  1845,  when  parties  began  at  each 
end  of  a  line  to  cut  through  the  forest  a  distance  of  more 
than  a  hundred  kilometers  (about  sixty-four  miles),  the  direc- 
tions having  been  calculated  by  Mr.  Airy,  the  Astronomer 
Royal. 
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Dividing  (3)  by  (1)  and  solving  for  tan  Z0,  we  have 

tan^^-^-/0/0"2^  (6) 

To  calculate,  solve  (4)  and  (6)  independently,  and  take 

Z  =  Zf—\AZ  (very  nearly).  (7) 

B9  and  A0  are  to  be  taken  from  the  tables  which  accompany 
this  paper. 

This  method  is  sufficiently  accurate  for  most  cases,  espe- 
cially if  (Z — Zi)  or  (Mi — 3f)  Jbe  small.  When  neither  of 
these  is  small,  a  method  previously  proposed l  by  the  writer 
is  more  accurate.  An  established  formula  for  azimuth  *  may 
be  put  in  the  form 

001 Z  =  i  B  (MX^M)  los  Lx  -< *--*)  cos  Z,  tan  L  ™£L       (8) 

sin  1" 

Writing  cot  (2+8)  =  cot  z  —  ^,-  h  (where  8  is  an  increment 

of  arc),  equating  the  terms  corresponding  in  order  in  the  two 
equations,  and  solving  for  8,  we  have  very  nearly 

Z  =  z+S  (9),  where  tan  z  =  \  •  ("r^™^ .         (i0) 

and  8  =  \  (Mx — M)  cosZj  tan  L  sin2z.  (11) 

The  nature  of  the  last  term  of  (9)  may  be  exhibited  by 
overlooking  the  distinctions  between  L  and  X]  in  (11),  and 
substituting  (4)  therein.     Thus  we  have  approximately 

8  =  —  i^Zsin8*.  (12) 

To  calculate,  solve  (10)  and  look  out  sin  z  at  the  same  time 
with  z ;  then  solve  (11)  ;  and  finally  (9).  As  sin2 z  is  always 
positive,  the  sign  of  8  is  the  same  as  that  of  (Mi — M ). 

Some  care  is  necessary  in  solving  (7)  or  (9)  to  place  Z0  or 
z  in  the  right  quadrant  before  applying  the  second  term. 
The  accompanying  table  will  aid. 


tadrant. 

z. 

£-£,. 

m^~m» 

1. 

0°to    90° 

+ 

+ 

11. 

90°  "  180° 



+ 

in. 

180°  "  270° 

— 

— 

IV. 

270°  "  860° 

+ 

— 

1  "  Appalachia,"  Vol.  II.  p.  88.    Cos  L  is  there  erroneously  printed  cotL. 
1  See  "  Tables  and  Formulas,"  Professional  Papers  of  U.  S.  Corps  of  Engi- 
neers, No.  12,  p,  96. 
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The  second  terms  of  (7)  and  of  (9)  are  to  be  numerically 
added  when  the  second  point  is  farther  west  than  the  first, 
and  numerically  subtracted  when  it  is  the  farther  east.  A 
mistake  in  the  sign  of  the  last  term  will  have  the  same  effect 
in  (8)  as  in  (9),  so  that  the  two  cannot  be  used  to  check 
each  other.  But  (7)  and  (9)  may  be  so  used,  unless  the  line 
run  nearly  east  and  west,  when  sin9  z  will  be  too  near  unity 
to  make  any  marked  difference  between  the  respective  last 
terms. 

The  distance  is  also  readily  obtainable  in  terms  of  the  lati- 
tude and  longitude.  Dividing  (1)  by  -ft,  multiplying  (3)  by 
(cos£0-s--4o)»  squaring  both  equations,  adding  them,  and  re- 
membering that  sin22o  +  cos2^  =  1,  we  have  nearly 

jr.  =  [^]2+  [Ci-m)«"*q]'.  (13) 

The  error  of  (13)  will  not  exceed  that  due  to  making  the 
calculation  with  five-place  logarithms,  except  in  the  case  of 
desiring  the  distance  between  very  remote  points. 

The  direct  calculation  of  azimuth  and  distance,  by  means 
so  simple,  will  sometimes  save  recourse  to  the  solution  of 
triangles,  in  which  two  sides  and  the  included  angle  are  the 
given  data,  —  a  form  of  solution  which  is  relatively  slow, 
besides  employing  quantities  not  always  published.  The 
failure  of  the  method  to  apply  in  many  instances  will  be  due, 
not  to  inaccuracies  in  the  simplified  equations,  but  to  the 
fact  that  the  differences  of  latitude  and  longitude  often  are 
not  known  with  an  accuracy  comparable  to  the  distances  and 
angles  of  the  triangulation. 

In  conclusion  we  would  justify  the  use  of  simplified  for- 
mulas for  the  tertiary  lines  of  a  survey  by  quoting  a  remark 
of  Capt.  John  Herschel's.  In  the  course  of  a  review1  of  Col. 
Clarke's  recent  work  on  u  Geodesy,"  he  says :  "  Let  it  be 
remembered  that  the  accuracy  insisted  on  in  trigonometrical 
surveying  operations  and  reductions  is  far  greater  than  is 
required  for  fiscal,  commercial,  or  what  are  commonly  called 
practical  purposes.  The  object  of  this  exceeding  accuracy  is 
geodetical.     Thus,  for  instance,  no  one  would  dream  of  sur- 

i  "  Nature,"  Vol.  XXI.  p.  608. 
2 


10  GEODETIC   FORMULAE. 

veying  a  small  isolated  island  with  such  accuracy.  A  great 
part  of  the  cost  of  a  continental  survey,  therefore,  has  to  be 
reckoned  as  sunk  for  the  sake  of  ultimately  learning  more 
about  the  exact  shape  of  the  earth  than  we  could  at  present 
see  any  direct  utility  in." 


Ex.  1.     Latitude,  Longitude,  and  Convergence  of  Meridians.1 

(Given)  Agamenticus,        L  =  48°  13'  23".18  M  =  70°  41'  31".88 

(Req'd)  Isles  of  Shoals,     Lx  =  42°  59'  13".32  Mx  =  70°  36'  49".23 

[L— ZJ  =  +0°  14'   9".86    [3fj- Jl/]  =— 0°  4'42".65 

(Given)  Agam.  to  I.  of  Shoals,    K  =  26990m.7  Z  =  346°  16'  38".5 

(Req'd)       "         "  "        AZ  =  +3'13".l 

Above  values  of  Lv  Mv  and  AZ,  being  un- 
known as  yet,  assume  L0  ==  43°  00'  and 
(Ml — M)  =  — 100"  roughly,  whence 
AZ  =  -KMi—M)  =  +67"  roughly,  .  •.  J AZ  =  +33" 


Whence  for  use  in  (5),  Z0  =  (about)  346°  17' 


Convergence  by  Equation  (5). 

Without  regarding  signs  of  each  of  thesa.                     log  A'  4.431 

quantities,    take    AZ    positive,    sine*                log  sin  Z0  9.375 

(Mx — M)  is  negative                                                     log  A0  8.509 

log  tan  L0  9.970 

Whence  by  (5),  AZ  =  +193"  =  +3'  13"  [log  AZ]    2.285 


Z=346°16'38".5 
J  AZ  =  i  (3'  13")  =        +1'  36".5 

Whence  for  use  in  (1)  Z0  =  346°  18'  15" 

Lx  being  as  yet  unknown,  use  also  in  (1)  the  estimate  L0  =  43°  007. 


Latitude  by  Equation  (1). 

logB0    8.51062 

log  K     4.43121 

log  cos  Z0    9.98747 

[log  (L— ZJ]         2.92930 

(L — Lx)  positive  since  cos  Z0  is  pos- 
itive. 

L  43°  13'  23".18 

— (X— Z1=849".77)=  —  14'  09".77 

Z1=42°59'13".41 

1  Data  furnished  by  Capt.  C.  P.  Patterson,  Supt.  U.  S.  Coast  Survey.    See 
Hitchcock's  "  Geology  of  New  Hampshire/'  Vol.  III.  Part  iii.  p.  876. 


Longitude  by  Equation  (2). 

log  .^    8.50904 

log  K     4.43121 

log  sin  Z     9.37515 

2.31540 
log  cos  Lx    9.86422 

[log  (Mx— J/)]    2.45118 

(Afx — M)  negative   since  sin  Z  is 
negative. 

(Jfj-af  )=  — 282".60  =  —4'  42/'.60 
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The  differences  of  latitude  and  longitude  of  the  Coast  Surrey  figures 
exceed  those  just  obtained  by  0".09  and  0".05  respectively.  This  is  ac- 
counted for  by  the  fact  that  the  former  are  based  upon  the  Bessel  ellip- 
soid. According  to  the  table1  given  by  Prof.  Hilgard  for  converting  arcs 
of  the  Bessel  into  those  of  the  Clarke  ellipsoid,  0".084  and  0".042,  in  this 
case,  should  be  numerically  subtracted  respectively  from  the  former  to 
give  the  latter.  The  calculation,  therefore,  checks  within  0".01  of  lati- 
tude and  longitude,  and  within  1"  of  back  azimuth  (ZJ,  although  the 
difference  of  latitude  is  greater  than  that  for  which  five-place  logarithms 
can  generally  be  relied  on  to  give  this  accuracy. 


Ex.  2.*    Latitude  and  Longitude  for  Short  Distances. 

(Given)  Powderhorn,      L  =  42°  24'  02".71 
(Req.)  Boston  State  Ho. ,  Lx  =  42°  21'  27".61 


M  =  71°  01'  30".95 
j|f1=71°03'30".00 


\L— ZJ  =  +0°  02*  35".  10    [J/j— Af]  =  +0°  01'  59".05 


(Given)  Powderhorn  to  B.  St  Ho.        K  =  5505m.9        Z  =  29°  39/  10" 


Above  values  of  Lx  and  Mx  being  un- 
known as  yet,  estimate  from  a  map8 
L0  =  42°  22'.8  and  Mx  =  71°  04'.0, 
whence  (Mx—M)  =  +149"  and  by  (4) 
AZ=  — .674  X  149  =  —100" 

Whence  for  use  in  (1)  and  (3) 


,-.  JAZ=         —60" 


ZA  =  29°  38\3 


Latitude  by  Equation  (1). 

log£0    8.51067 

log  K     3.74083 

log  cos  Z0    9.93910 

Pog(Z— jy]    2.19060 

(L — LJ    positive   since   cos  Z0   is 
positive. 

(X— Xj)  =  -f  155".10  =  -f  2'  35".10 
.-.  L0  =  42°  22*  45" 


Longitude  by  Equation  (3). 


log£ 
log  sin  Z0 


8.50906 
8.74083 
9.69419 

1.94408 
9.86847 


log  cos  Z0 

[log  (ilfi— 21/)]    2.07561 
(Mx — M)  positive  like  sin  Z0. 
M^-M=z  -f  119".02  =  +1'  59".02 


1  U.  S.  Coast  Survey  Report  for  1875,  p.  367. 

1  Data  from  Report  of  U.  S.  Coast  Survey,  1864,  p.  168. 

8  Simeon  Borden's  Topographical  Map  of  Massachusetts.  1844. 
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According  to  the  Coast  Survey  tables  already  referred  to,  0".015  and 
0".018  should  be  numerically  subtracted  respectively  from  the  Coast  Sur- 
vey values  of  (L — Z/x)  and  (3/a — AT),  to  reduce  them  to  the  Clarke 
ellipsoid,  before  comparing  our  results  with  them.  This  apparently 
places  the  errors  of  the  calculation  between  0".01  and  0".02,  but  it  would 
require  the  correct  results  carried  to  thousandths  in  order  to  tell  by  com- 
parison whether  our  error  actually  exceeds  or  falls  within  0".01.  Notice 
that  the  result  will  not  be  changed  by  a  second  solution  with  revised 
constants. 

Ex.  3.     Azimuth  by  Equations  (4),  (6),  and  (7).1 

(Given)  Mt.  Pleasant,  Me.,  L  =  44°  01'  35".17  M  =  70°  49'  00".88 

(Given)  Ragged  Mount,      Lx  =  44°  12'  43".97  Mx  =  69°  08'  43".54 

— 0°  11'  08".  80  —  1°  40'  17".  34 

[Z— ZJ  =  — 668".80     IMy-AQ  =  — 6017".34 
(Required)  Z  =  260°  38'  52".3  Zx  =  81°  48'  41".6 

\  (L+LJ  =  44°  07'  09".57  ==  Z0  very  nearly. 

log  (£0-M0) 


log  sin  $  (L+LJ 
log  (Mj—JM) 

[logAZ] 


9.8427 
3.7794 


3.6221 

AZ  positive  since  (Mx — M)  is  neg- 
ative. 
AZ  =  44189"  =  +1°  09'  49" 


log  (Mx-M) 
log  cos  Z0 

log  (Z-Za) 
[log  tan  Z0] 


0.00152 
3.77940 
9.85606 

3.63698 
2.82530 

0.81168 


Z0  =  261°  13'  46" 
=f  J  AZ  =  =F0°  34' 54" 

Z  =  260°  38'  52"  Za  =  81°  48'  40" 

The  data  are  not  sufficiently  precise  to  test  the  agreement  of  the  calcu- 
lation within  a  single  second  of  the  azimuths  given  by  the  Coast  Survey. 

Ex.  4.     Distance  by  Equation  (13). a 


Z  =  43°  13'  23".  18 


l—lx  = 

log  (Z— Zx) 
log^o 

+849".77 

=  2.92930 
8.51061 

4.41869 
2 

[Gauss] 
[logi^ 

8.83738 

0.02505 
8.86243 

logK 

=  4.43121 

—i  (Z— Lx)  =  — 424".88 
.-.  Z0  =  43°  06' 18" 


log  (M^-M) 
log  cos  Z0 


=  2.45118 
9.86338 


n/c^-^o^xn 


2.31456 
8.50904 

3.80552 
2 

7.61104 
8.83738 


[Argument  for  Gauss.]     8.7737 

1  Data  from  Coast  Survey  Report  for  1858,  p.  20*. 

*  Data,  the  Coast  Survey  latitude  of  Agamenticus,  and  the  logarithms  of  the 
differences  of  latitude  and  of  longitude,  calculated  in  Ex.  1. 
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The  logarithm  of  K*  is  derived  directly  from  the  logarithms  of  thi>  sep- 
arate terms  by  Gauss's  "  Addition-Logarithms."  When  unprovided  with 
such  tables,  the  natural  cumbers  must  be  taken  out  for  each  term,  and 
added  to  get  K1.  The  calculated  five-place  value  of  log  A'  agrees  with 
that  used  in  Ex.  1. 

In  the  foregoing  examples  brackets  have  been  used  when  there  has 
been  occasion  to  denote  the  meaning  of  calculated  figures  other  than  the 
results  sought. 


CURVATURE  OF  TERRESTRIAL  ARCS  IN  SECONDS  PER  METER. 


A  =  Cam 

nrt  of  Prime  VnliimL 

B  =  Comlnrc  of  W tridlui. 

l.ulItU.1.'. 

W  J- 

Dur.iMi' 

LUItatk. 

LogS. 

DMT.  perl'. 

23    07 

25  42 

26  07 

8.50050 
945 
940 

-.032 
.034 

23    03- 

23  50 

24  48 

8.51200 
195 
190 

-.094 

.088 
.089 

.101 
.103 

.106 
.107 
,110 

30    24 

935 

.036 
.040 

.041 
.041 

25    88+ 

185 

32    35 

930 

26    28- 

180 

34    41 

925 

27    16 

175 

30    44 

920 

28    03+ 

170 

38     45 

015 

28    60 

165 

40    44 

010 

.043 
.043 
.043 
.048 

29    35+ 

160 

42    41 
44    37 

905 
000 

30    20+ 
81    05- 

155 
150 

.118 

.114 
.115 
.117 
.118 
.110 
.121 
.122 
.122 
.124 
.125 

46    34 
48    31 

805 
800 

81    48+ 

145 
140 

50    SO 
62    28 
64    31 
66    36 
68    44 

885 
680 
875 
870 
865 

.042 

.041 
.040 
.089 
.037 
.085 

33    14+ 
33    57- 
84    38+ 
36    20- 
88    01- 

135 

130 
125 
120 
115 

60    68 

03     19 

860 
855 

36    42- 

87  22 

88  02 
38    42 

no 

105 
100 
095 

Clirke't  nJiw 

or  Uu  Etrth'i  Scml-un. 

.125 
.126 
.126 
.127 

89    22- 

40    01+ 

40    41- 

090 

085 
080 

Equatorial  ■ 

0378206.4  meters. 

Polar 

6  356583.8      " 

41    20 

075 

.128 

Lj  (fnl  V  40"  ud  88'  30"  nun  mmIt 


AaalM  of  UUodi  la  J  °r  !',(.(.  8'  —  and  88'  +  mow- 


14  geodetic  formula:. 

curvature  of  terrestrial  arcs  in  seconds  per  meter. 


-» 

Lor  b.        ma 

ml1. 

.     Latitude. 

UagB. 

MS  pari'. 

11    69 

8.51070 

123 
127 
129 
12S 
li'S 
129 
128 
128 
12D 

12* 

128 
127 
127 

127 
120 
120 
121 
124 

63     08  + 

8.50985 

-.124 
.128 
.123 
.121 
.121 
.119 
.118 
.116 
.115 
.114 
.112 
.110 
.109 
.107 
.104 
.103 
.100 

42    38+ 

065 

53    47 

080 

43    17 

43  56 

44  35 

060 
055 
050 

54  28- 

55  09 

53    60+ 

975 
970 
965 

45    14- 

45  63- 

46  32- 

47  10+ 
47    49+ 

045 
040 
035 
030 
025 

66    32+ 

57    15- 

57  58- 

58  41 
50     25 

960 
955 
950 
945 
940 

48    28+ 
4S    08- 

020 
015 

60     10- 
60    55 

935 
030 

49  47 

50  26+ 

51  06 

010 

005 
.61000 

61  41 

62  28- 

63  16- 

025 

920 
915 

61    46- 

52    26 

.50995 
990 

64    04+ 

64    54+ 

910 
905 

In  a  preceding  paper  simplified  methods  were  suggested 
for  calculating  the  latitude  and  longitude  of  a  subordinate 
point  (a  tertiary  station,  for  example)  when  its  distance  and 
direction  from  a  known  point  are  given.  .  Here  a  ready  method 
is  presented  for  obtaining  the  desired  quantities  without  first 
knowing  the  distance,  the  data  being  the  latitudes  and  longi- 
tudes of  two  or  more  occupied  stations  and  the  azimuths  from 
them  to  the  point  sought. 

The  equations  of  the  preceding  paper  may  be  so  combined 
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as  to  give  the  latitude  and  longitude  of  the  intersection  of 
two  observed  lines.  Again,  they  may  be  so  combined,  that 
for  an  assumed  latitude  we  may  calculate  the  longitude  of  a 
point  lying  on  a  given  line  of  sight,  or  that  for  an  assumed 
longitude  the  corresponding  latitude  may  be  calculated. 
When  there  are  three  or  more  lines  we  may  calculate  the 
position  of  the  intersection  of  two  of  them,  and  the  positions 
of  neighboring  points  on  the  remaining  lines,  or  (by  obtaining 
at  the  start  a  close  approximation  for  one  co-ordinate  of  the 
station)  we  may  calculate  for  each  line  the  position  of  a  point 
on  the  line  and  near  the  station.  Whichever  way  we  proceed, 
the  object  is  to  obtain  the  data  for  constructing  a  large-scale 
plot  covering  the  vicinity  of  the  station,  with  a  portion  of  each 
line  of  sight  represented  upon  it.  On  this  plot  the  most  prob- 
able position  of  the  station  is  to  be  selected  (by  estimating  it 
as  nearly  as  may  be),  taking  into  account  each  plotted  line 
with  its  due  weight ;  and  the  co-ordinates  of  the  point  thus 
assumed  are  to  be  expressed  in  the  form  of  latitude  and  lon- 
gitude. 

With  three  or  more  lines  the  method  comprises  an  "  adjust- 
ment "  adequate  to  the  purpose,  although  not  possessing  the 
precision  of  the  method  of  least  squares.  When  there  are  only 
two  lines  the  advantage  lies  partly  in  the  ease  with  which  a 
revised  position  may  be  derived  at  a  later  date  after  other 
lines  have  been  added,  and  partly  in  the  fact  that  the  length 
and  direction  of  the  base  line  are  not  required.  Indeed  the 
occupied  stations  may  be  tertiaries  whose  distances  and  direc- 
tions from  each  other  have  never  been  calculated. 

In  a  systematic  survey  one  plot  would  be  devoted  to  each 
station  to  be  located,  and  all  the  plots,  on  sheets  of  uniform 
size,  would  be  kept  on  file.  The  back  of  each  would  receive 
such  facts,  as  the  dates  at  which  the  respective  lines  were 
plotted,  and  at  which  the  successive  values  for  latitude  and 
longitude  were  assumed  as  the  lines  accumulated,  together 
with  references  to  the  places  where  the  calculations  could 
be  consulted,  and  to  the  authorities  for  the  data  employed. 
Numerical  values,  already  found  and  likely  to  prove  conve- 
nient in  future  computations,  would  also  be  recorded  on  the 
backs  of  the  plots  to  which  they  apply. 
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Using  the  notation  of  the  previous  paper  with  some  omis- 
sions and  additions,  let  £,itf,  L^Mi9  and  L^M^  denote  re- 
spectively the  latitude  and  longitude  of  an  occupied  station, 
of  the  station  whose  position  is  sought,  and  of  the  origin  of 
the  plot,  while  L0  denotes  the  latitude  of  a  point  midway 
between  the  stations.  Let  A  and  B  denote  the  curvatures  of 
the  prime  vertical,  and  of  the  meridian,  for  the  latitude  of  the 
occupied  station ; *  i.  e.  the  number  of  seconds  of  arc  per  meter 
in  length.  Let  A^BX  and  A&B0  denote  respectively  corre- 
sponding quantities  for  the  latitudes  of  the  desired  station 
and  of  the  point  midway  on  the  line.  (In  practice  we  may 
use  the  mean  latitude  of  the  stations  instead  of  the  latter.) 
Let  Z  denote  the  observed  azimuth  of  the  line  passing  from 
the  occupied  station  to  the  other,  counted  from  zero  at  the 
south  around  by  the  west  continuously  up  to  360°.  Let  dZ 
denote  the  convergence  of  the  meridians,  that  is,  the  variation 
of  the  azimuth  of  the  line  in  moving  from  the  occupied  station 
to  that  whose  position  is  sought.  Distances  are  in  meters,  and 
differences  of  latitude,  longitude,  or  azimuth  are  in  seconds  of 
arc.  North  latitude  and  west  longitude  are  positive,  and 
remarks  as  to  sign  apply  only  to  the  northern  hemisphere. 

Before  considering  the  calculations  let  us  follow  out  the 
graphical  work.  The  unit  for  plotting  is  to  be  some  conve- 
nient length  for  the  second  of  arc  of  meridian  at  the  latitude  of 
the  origin  of  the  plot.  Five  centimeters  (about  two  inches) 
to  the  second  of  latitude  is  recommended.  Simple  rectangu- 
lar co-ordinates  may  be  used,  by  expressing  the  difference  of 
longitude,  not  in  seconds  of  the  parallel,  but  as  the  number 
of  seconds  of  the  meridian  measuring  the  same  length ;  i.  e. 
[abscissa  =  (Mx — Mxf)  (Bx  cosLif-i-Al)'].  Finely  executed 
rectangular  paper  will  prove  very  convenient  for  the  plotting. 
The  value  of  [Bx  cos  Ll'-^-Al']  is  a  constant  for  the  particular 
sheet,  and  will  be  repeatedly  used.  Its  logarithm,  therefore, 
should  be  recorded  on  the  back  of  the  sheet  when  first  found. 
The  directions  of  the  lines  are  to  be  constructed  by  tangents 
or  cotangents  of  [Z-\-JZ],  remembering  that  the  meridian 
is  the  zero  of  azimuths. 

When  the  collection  of  lines  passing  near  the  point  is  ex- 

1  See  Tables. 
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hibited  to  the  eye,  we  are  concerned  not  so  much  with  the 
intersections  as  with  the  perpendicular  distances  from  the 
proposed  position  of  the  station  to  each  of  the  lines.  Thus, 
for  three  lines  of  equal  weight,  we  should  make  these  distances 
equal  by  selecting  the  centre  of  the  circle  inscribed  in  the  tri- 
angle formed  by  the  lines.  In  general  the  ideal  solution 
would  be  to  render  a  minimum  the  sum  of  products,  formed 
by  multiplying  the  square  of  each  perpendicular  distance  by 
the  weight  of  the  line  to  which  it  is  normal ;  but  no  calcula- 
tions for  this  purpose  are  proposed. 

If  there  was  a  signal  on  the  station  when  observed,  the 
weight  may  be  diminished  as  the  length  of  the  line  of  sight 
increases.  The  same  holds  when  an  instrument  of  low  pre- 
cision was  used  without  a  signal.  If  an  instrument  of  high 
precision  has  been  used  to  observe  a  mountain  summit  with- 
out a  signal,  the  weight  is  nearly  independent  of  the  distance, 
as  such  ;  but  when  under  these  circumstances  the  summit  has 
been  viewed  with  a  considerable  angular  elevation  or  depres- 
sion, the  weight  may  be  diminished  as  the  vertical  angle 
(positive  or  negative)  increases  in  magnitude. 

Having  selected  the  position  of  the  station  on  the  plot,  its 
co-ordinates  with  reference  to  the  origin  are  to  be  measured. 
The  abscissa  is  to  be  converted  into  seconds  of  longitude  by 
dividing  by  the  quantity  [Bx  cos  i/  -7-  -4.J,  the  value  of  whose 
logarithm  will  have  been  already  found  and  recorded  on  the 
back  of  the  sheet. 

Combining  equations  (1)  and  (2)  of  the  previous  paper  so 
as  to  eliminate  K  (the  undetermined  distance)  and  solving, 
we  have  for  the  difference  of  longitude 

Mx-M=  (L-Ld  B^£2\z^Z)  <14> 

By  analogy  with  (2)  we  may  write  (interchanging  stations) 
[M—Mx  =  AK sin  (Z+JZ±  180°)-*-Z] .  Combining  this  with 
(1)  so  as  to  eliminate  K  and  solving,  we  also  have  for  the 
difference  of  longitude 

Ml-M=  (L-ZJ        AT{ZXif?^  (15.) 

1  v  u  BQ  cos  L  cos  {Z-\-  J  AZ)  v     u 

For  the  abscissa  to  be  plotted  we  have 
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whence  taking  \MX — M]  according  to  (14) 
MCts^il^ZJ^Ji^^-W-M)  &~£      (16) 
Transposing  (15x)  we  have  for  the  difference  of  latitude 

The  basis  for  selection  between  (14),  (15^),  and  (16),  when 
a  longitude  computation  is  to  be  made,  will  appear  later. 
Neither  would  be  applied,  however,  to  a  line  running  much 
nearer  to  the  prime  vertical  than  to  the  meridian,  nor  would 
(152)  be  applied  for  latitude  to  a  line  running  much  more 
nearly  north  and  south  than  east  and  west. 

Approximate  latitudes  may  be  used  in  entering  the  tables 
for  the  curvatures  of  terrestrial  arcs,  since  their  logarithms 
vary  very  slowly  with  the  latitude.  The  ratio  [Bl-r-B0'] 
occurring  in  (16)  is  nearly  unity,  and  may  be  neglected  in 
approximate  calculations.  Excepting  for  very  long  lines  we 
may  use  for  more  accurate  work  the  value 

where  [—J  A  log!?]  is  half  the  magnitude  of  the  "  Diff.  per  V  " 
tabulated1  in  the  column  following  that  of  "Log  B",  where 
[(i — Zi)-H>0]  is  the  difference  in  minutes  between  the 
latitude  of  the  occupied  and  the  observed  stations,  and  where 
the  sign  of  [log  (2^-r-i?,,)]  is  that  of  [i — Zq].  Notice, 
however,  that  the  unit  of  the  tabulated  value  of  [d  log  B]  is  in 
the  fifth  decimal  place. 

The  value  of  the  convergence  of  the  meridians  is  to  be  taken 
according  to  the  equation 

—  JZ=  {Mx—M)  sin  J  (Z+A)  (4) 

For  approximate  solutions  a  convenient  and  easily  remem- 
bered value  of  [  \  sin £(.£+2^)]  may  be  used  for  a  section 
of  country  embracing  several  degrees  of  latitude.    For  exam- 
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pie,  suppose  that  an  error  in  [— J  AZ~\  not  greater  than  one  sec- 
ond per  minute  of  difference  of  longitude  be  allowable.  Then 
between  latitudes  34°.5  and  39°.3  we  may  use  the  relation 
[—  \  AZ=  0.3  (itfx— M)],  while  the  relation  \—\AZ  =  20" 
per  minute  of  difference  of  longitude]  may  be  used  between 
latitudes  39°.3  and  44°.6.  The  sign  of  JZ  is  opposite  to  that  of 
\_Mt-M]. 

For  the  calculation  of  the  longitude  of  the  intersection  of 
two  lines  let  L\M\Z\  etc.,  and  U\  Mn,Z"  etc,  relate  to  the 
two  lines,  the  first  being  that  which  runs  the  nearer  to  the 
meridian,  while  ZUM^  etc.,  relate  to  the  intersection.     Then 

we  may  write 

M-M<  =  (Z'-ZJ  Q, 

where  Z'—ZY  =  (Zf—Z")  +  (Z"— Zx),      and  where 

Q  _    A'  sin  (Z'+AZQ A1  sin  Z' 

V  —  B0'  cos  V  cos  (Z'+£  aZ')  —  B0'  cos  Lx  cos  (£"+ J  AZ") 

according  to  (15!)  and  (14)  respectively.     Whence 

M-M<  =  (Z'-Z») A'  8in  (Z'+A^) 

jal    m   —  ^     j,  )  Bj  cQs  L  cos(Z/+i  AZ/) 

4-(Z"— Z) ^JL8!?^. 


£0'  cos  Lx  cos  (Z"+ J  AZ') 
In  the  last  term  we  may  put  according  to  (14) 

1         v     l  '  Axs\xlZ" 

Whence  finally  we  have 

m-w = (z>-z») A' 8in  <*+**> 

In  this  we  may  get  [log(Z?0"-^o')]  by  a  process  similar  to 
that  of  (17)  ;  namely,  multiply  the  difference  in  minutes 
between  the  latitudes  Zf  and  Z"  by  half  the  tabulated  "  Diff. 
per  1' "  of  [log  B] ,  and  give  to  the  product  the  sign  of  [Zf — Z"] . 
A  value  of  Mx  is  needed,  sufficiently  close  to  give  AZ1  and  AZU 
by  (4)  within  the  errors  of  observation.  A  provisional  value 
of  Mi  must  be  used  in  the  last  term  of  (18).  Let  mx  denote 
this  value  of  Mu  while  m^  is  the  value  resulting  from  the 
solution.     Also  let  c  be   the   coefficient  of   [Mx — M1'"]   in 
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the  last  term.  Then  the  error  of  m^  will  be  c  times  that 
of  mx .     The  value  m^  should  therefore  receive  a  correction 

I  (m2 — wO'-w — 1 )  I  to  obtain  which  is  but  the  work  of  a 

moment,  the  logarithm  of  c  being  already  found.  Carefully 
regard  signs.  Carry  the  logarithms  for  the  last  term  of  (18) 
as  far  as  would  be  done  were  not  the  value  of  Mx  provisional. 

Substituting  [cos  (Z'  +  £  z/Z')  =  cos  (Z?  +  JZ')\  in  the  first 
term  of  (18),  and  in  the  second  term  [cos(Z'+  £z/Z')  =  cosZ'] 
and  [sinZ"  =  sin(Z"+£JZ")],  which  are  the  less  inaccurate 
as  the  lines  approach  the  meridian  and  the  prime  vertical 
respectively,  and  substituting  also  [2?0"-r-2?0'  =  1]  we  have 
approximately 

Mx-M>  =  (Z'-Z")  ^^  tan  (Z>+JZ?) 

+  (M,— M")  tan  Z>  cot {Z»+\JZ?')  (19) 

Suppressing  AZ1  in  the  first  term  of  (19),  substituting 
\MX—M»  =  (Ml—M')—(M'—M")']  in  the  second  and  solving, 
we  also  have  approximately 

m—m    —  cotZ'— cot(Z"+$AZ77)  W 

The  preceding  equations  present  a  choice  of  means  by  which 
to  carry  out  the  calculations ;  but  in  any  case  the  work  will 
be  easier  when  we  can  start  with  a  moderately  close  estimate. 
To  this  end  a  chart  is  desirable  on  which  are  located  all  the 
stations  within  the  area  it  covers.  A  scale  of  l-r-50,000  might 
serve  the  purpose.  The  occupied  stations  would  be  laid  down 
by  latitude  and  longitude.  The  others  might  be  thus  laid 
down  after  the  calculations  are  made,  or  they  might  be  con- 
structed by  azimuths  beforehand.  By  providing  that  the 
observers  in  the  field  should  construct  the  azimuths  during 
foggy  weather,  any  failure  to  intersect,  due  to  gross  error  in 
the  data,  would  be  discovered,  and  additional  observations 
would  be  made ;  while  the  existence  of  the  map  would  in- 
duce, and  assist  in,  the  search  for  some  points  whose  visibility 
might  otherwise  be  overlooked.  The  laying  down  of  the 
adopted  latitude  and  longitude  of  a  station  whose  position 
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had  previously  been  constructed  by  azimuths  would  also  serve 
as  a  check  against  gross  error  in  the  figures.  But  these  ad- 
vantages are  less  important  than  the  fact  that  the  chart  would 
furnish  a  close  first  estimate  of  the  desired  position.  If  the 
azimuths  have  not  been  laid  off,  a  fair  estimate  mav  still 
be  made  by  taking  on  the  map  a  point,  so  located  that 
the  azimuths  from  the  occupied  stations  shall  satisfy  the 
eye. 

The  accuracy  of  the  formulae,  the  admissibility  of  the  as- 
sumptions involved  in  their  application,  and  the  use  of  the 
tables  were  so  fully  discussed  in  the  preceding  paper,  that  it  is 
unnecessary  to  treat  them  here.  The  numerical  work,  although 
differing  slightly  from  what  was  exemplified  there,  is  so  simi- 
lar in  character  as  to  render  an  example  of  it  unnecessary  here. 
But  the  synopsis  of  an  example  will  be  useful  to  illustrate  the 
successive  steps  of  the  process,  and  will  furnish  an  opportu- 
nity for  the  reader  to  test  the  formulae  numerically.  The 
data  are  given  below.1 


Station. 

Latitude. 

Longitude. 

Aihnuth. 

Spencer   

McSparran  .... 

Copecut  

Beaconpole  .... 

Pocasset 

Great  Meadow .    .    . 
Quaker 

o       r         ff 
41    40    41.07 
41    29    44.71 
41    43    16.08 
41    69    40.87 
41     89    07.23 
41    62    43.01 
41    84    65.17 

O           f             ff 

71     29     19.79 
71    27    03.81 
71    03    16.66 
71    26    40.36 
71    11     11.88 
71     12    41.29 
71     14    67.32 

O           f          ff 

298  02  62 
240     18     11 

46  82  28 
840    26    41 

83  67  13 
6    27    61 

The  first  column,  headed  Station,  gives  the  names  of  six 
occupied  stations,  followed  by  that  of  the  station  whose  posi- 
tion is  desired.  In  the  second  and  third  columns,  headed 
Latitude  and  Longitude^  are  placed  the  positions  of  the  occu- 
pied stations,  which  are  supposed  in  the  example  to  be  given, 
and  also  the  position  of  Quaker,  which  is  supposed  in  the 
example  to  be  unknown.  The  last  column,  headed  Azimuth, 
gives  the  azimuths  of  Quaker  as  observed  at  the  six  occupied 
stations.  It  is  to  be  noticed  that  a  strict  accordance  of  our 
result  with  the  tabulated  position  of  Quaker  is  not  to  be  ex- 


1  F»m  U.  S.  Coast  Survey  Report,  1861,  Appendix  No.  12.    Azimuths  carried 
oolj  to  eeconds  in  copying. 
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pected,  because  the  above  are  not  all  the  data  bearing  upon 
its  position,  and  also  because  our  computations  will  be  based 
upon  figures  for  the  dimensions  of  the  earth  which  had  not 
been  so  accurately  obtained  as  early  as  1851.  The  azimuths, 
however,  are  more  reliable  than  will  ordinarily  occur,  since 
all  the  lines  belong  to  the  primary  triangulation. 

In  order  that  the  points  determined  by  either  of  the 
equations  (14),  (15),  or  (16)  shall  lie  within  the  boundaries 
of  the  plot,  we  desire  if  practicable  to  have  beforehand  a  close 
approximation  to  one  of  the  co-ordinates  of  Quaker,  say  within 
a  second  of  latitude  or  one  or  two  seconds  of  longitude.  If 
Quaker  had  been  laid  down  on  a  chart  with  a  scale  as  large 
as  1  :  100  000,  by  constructing  azimuths,  this  approximation 
would  be  given  by  direct  measurement,  although  it  is  not 
best  to  make  the  construction  for  this  purpose  only.  Possess- 
ing even  a  chart  on  a  scale  of  1  :  200  000,  with  the  occupied 
stations  located  on  it,  and  avoiding  any  graphical  construction, 
a  mere  inspection  of  the  observed  azimuths  will  enable  us 
to  select  the  position  within  ten  or  twenty  seconds.  This 
will  materially  help,  especially  with  a  line  running  so  near  the 
meridian  as  does  that  from  Great  Meadow,  and  intersected 
so  favorably  as  it  is  by  the  line  from  Spencer.  Thus  starting 
with  [Mi  =  71°  14'  40"],  taking  AZ  equal  (for  the  respective 
lines)  to  forty  times  the  number  of  minutes  of  [Mx — M~\ 
with  the  sign  reversed,  and  solving  (19)  with  four  decimal 
places  in  the  logarithms,  we  obtain  4-92".0  for  the  first  term 
and  +45".0  for  the  second,  or  [Mx  —  M'  =  +137".0]  where  M ' 
refers  to  Great  Meadow.  Whence  we  get  [Mx  =  71°  14'  58".8] 
within  1"  of  the  tabulated  value.  We  are  now  in  a  position 
either  to  apply  (4)  and  (18)  for  the  precise  longitude  of  the 
intersection,  or  (better)  abandoning  the  determination  of 
this,  to  apply  (152)  to  either  of  the  lines  from  Spencer, 
McSparran,  or  Copecut. 

Let  us  suppose,  however,  that  we  have  neither  the  map 
estimate,  nor  so  favorable  a  pair  of  lines  as  those  from  Great 
Meadow  and  Spencer.  We  then  start  with  a  rough  estimate 
of  longitude  to  get  [J^Z"],  and  apply  (20)  to  the  lines  from 
Beacon  pole  and  McSparran.  Assuming  roughly  [Mx  =  710J.7,] 
we  thus  calculate  [Mx — M1  =  — 705".2]  where  M1  refers  to 
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Beaconpole.  Whence  [Mx  =  71°  14'  55".2]  or  about  2"  away 
from  the  tabulated  figure.     The  application  of  (4)  with  this 

value  of  Mx  will  give  [Hz']  and  CM^']  within  !"•  The 
precise  longitude  of  the  intersection  may  be  then  obtained 
by  solving  (18).  We  thus  obtain  [Mx  =  71°  14'  57".83] 
subject  to  the  correction  [ — 0".44],  giving  [57". 39].  The 
latitude  of  the  intersection  would  then  be  calculated  by 
applying  (152)  to  the  McSparran  line ;  and  the  position  thus 
found  would  be  taken  as  the  origin  when  the  other  lines  are 
to  be  calculated  and  plotted. 

Let  us  return  to  the  use  of  (14),  (15),  and  (16).  For 
longitude  computation,  after  the  origin  has  been  fixed  upon, 
(16)  has  the  advantage  of  giving  the  distance  to  be  taken 
on  the  scale  in  plotting,  but  (14)  or  (15^  may  be  used  to 
calculate  a  longitude  which  is  to  be  assumed  as  that  of  the 
origin.  Of  these  (14)  is  the  less  dependent  upon  accuracy 
in  JZ;  but  (15^  has  the  advantage  when  the  errors  of  obser- 
vation are  liable  to  be  larger  than  the  uncertainty  in  z/Z, 
since  the  result  may  be  made  to  conform  to  an  amended 
latitude  by  merely  changing  the  logarithm  of  \_L  —  L{],  In 
this  manner  the  use  of  (18),  (19),  or  (20)  may  be  avoided. 
Thus,  suppose  that  a  map  has  furnished  the  estimates 
[Lx  =  41°  34'  58"  and  Ml  =  71°  14'  55"],  differing  several 
seconds  from  the  fact,  and  suppose  that  the  observations  are 
hardly  good  to  single  seconds.  The  estimates  being  there- 
fore good  enough  for  obtaining  [J^£]  by  (4),  the  value 
[Mx  =  71°  14'  56".99],  obtained  by  applying  (15x)  to  the  Great 
Meadow  line,  will  be  sufficiently  accurate  for  the  longitude 
of  the  point  (on  that  line)  whose  latitude  is  [41°  34'  58".00]  ; 
but  this  latitude  will  be  beyond  the  convenient  limits  of  a 
plot.  With  this  value  of  Mx  we  should  then  solve  (15a) 
for  the  Spencer  line,  obtaining  [Lx  =  41°  34'  55".02  =  Lx']  ; 
t.  e.  it  is  taken  as  the  latitude  of  the  origin.  We  may  now 
quickly  amend  the  result  of  (15^  for  the  Great  Meadow 
line  in  accordance  with  the  new  value  of  Zi,  obtaining 
[Jf,  =  71°  14'  57".67  =  Mx']  ;  i.  e.  it  is  taken  as  the  longi- 
tude of  the  origin.  The  point  on  the  Great  Meadow  line 
will,  then  lie  upon  the  origin,  while  the  point  on  the 
Spencer  line   will  have   an  ordinate   zero  and  an  abscissa 
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[56.99— 57.67  =  —0.68]  in  seconds,  or  [—0.68  (Bx  cosX/-*-^) 
=  — 0.51]  in  units  of  the  plot.  It  will  always  be  found  con- 
venient to  arrange  that  every  point  shall  lie  upon  one  or 
other  of  the  co-ordinate  axes. 

Enough  has  been  written  to  show  that  the  method  can 
be  planned  to  easily  deal  with  any  case  which  may  arise. 
In  conclusion  it  may  be  remarked  that  the  length  of  the 
discussion  has  been  caused  by  this  adaptability,  rather  than 
by  any  complexity  in  dealing  with  a  case  in  hand.  The 
method  is  possibly  less  fitted  in  general  for  routine  calcula- 
tions, done  according  to  specific  directions  issued  from  the 
headquarters  of  a  large  survey,  than  it  is  for  the  use  of 
persons  who  have  their  own  computations  to  make  in 
extending  the  results  of  the  larger  survey.  But  where  a 
routine  is  made  of  constructing  the  azimuths  and  measuring 
the  resulting  positions  on  a  chart,  the  dependence  upon  the 
judgment  of  the  computer  reduces  to  a  minimum,  and  the 
operation,  except  the  final  selection  of  the  position  on  the 
plot,  becomes  a  simple  routine.  In  comparing  the  aggregate 
work  with  that  by  the  old  process,  it  must  be  remembered 
that  the  whole  work  of  computing  the  triangle  sides  is 
saved. 
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For  several  reasons  the  investigations  here  proposed  are  es- 
pecially suited  to  observers  under  very  various  conditions.  The 
work  is  capable  of  indefinite  sub-division.  Small  as  well  as 
large  telescopes  may  be  employed  and  many  observations  are 
needed  which  can  best  be  made  with  an  opera-glass  or  field-glass, 
or  even  with  the  naked  eye.  No  attachment  is  needed  to  an 
ordinary  telescope,  so  that  no  additional  expense  on  this  account 
is  required.  Useful  observations  may  be  made  by  an  unskilled 
observer  provided  that  he  is  capable  of  identifying  a  star  with 
certainty.  The  work  is  quantitative,  and  the  observer  has, 
therefore,  a  continual  test  of  the  increased  accuracy  he  has  ac- 
quired by  practice.  As  a  portion  of  the  investigation  will 
probably  lead  to  the  discovery  of  interesting  objects,  the  obser- 
vations will  possess  an  interest  often  wanting  in  quantitative 
research.  The  aid  of  the  professional  astronomer  is  earnestly 
requested  for  this  scheme.  Suggestions  by  which  it  may  be 
modified  and  improved  will  be  gratefully  received  The  profes- 
sional astronomer,  in  consequence  of  his  greater  skill,  instru- 
mental appliances,  and  command  of  his  own  time,  could  fill  gaps 
in  the  work,  and  thus  greatly  increase  its  value  as  a  whole. 
Such  observations  could  often  be  made  in  the  intervals  of  other 
work  or  at  times  unsuitable  for  the  observations  to  which  he  was 
especially  devoting  himself.     It  should  be  added  that  especial 


care  will  be  taken  not  to  interfere  with  observations  of  variable 
stars  now  in  progress.  Observers  of  these  objects  are  particu- 
larly requested  to  notify  the  writer  what  work  they  propose  to 
carry  out,  so  that  a  needless  repetition  of  it  may  be  avoided. 

It  is  on  the  amateur  and  student  of  astronomy  that  we  must 
depend  largely  for  the  success  of  the  plan  here  proposed.  Many 
such  persons  spend  evening  after  evening  at  their  telescopes 
without  obtaining  results  of  any  permanent  value.  Either  no 
publication  is  made  and  the  results  are  therefore  valueless,  or 
time  is  spent  on  objects  that  can  be  much  more  usefully  ex- 
amined with  a  larger  instrument.  Most  commonly  the  observer 
has  no  special  plan  and  spends  many  hours  without  result,  while 
the  same  time  might  have  been  employed  with  equal  pleasure 
to  himself  and  results  of  great  value  collected.  Those  who  have 
not  tried  it  do  not  realize  the  growing  interest  in  a  systematic 
research  and  the  satisfaction  in  feeling  that  by  one's  own  labors 
the  sum  of  human  knowledge  has  been  increased. 

Much  valuable  assistance  might  be  rendered  by  a  class  whose 
aid  in  such  work  has  usually  been  overlooked.  Many  ladies 
are  interested  in  astronomy  and  own  telescopes,  but  with  two 
or  three  noteworthy  exceptions  their  contributions  to  the  science 
have  been  almost  nothing.  Many  of  them  have  the  time  and 
inclination  for  such  work,  and  especially  among  the  graduates 
of  women's  colleges  are  many  who  have  had  abundant  training 
to  make  excellent  observers.  As  the  work  may  be  done  at 
heme,  even  from  an  open  window,  provided  the  room  has  the 
temperature  of  the  outer  air,  there  seems  to  be  no  reason  why 
they  should  not  thus  make  an  advantageous  use  of  their  skill. 
It  is  believed  that  it  is  only  necessary  to  point  the  way  to 
secure  most  valuable  assistance.  The  criticism  is  often  made  by 
the  opponents  of  the  higher  education  of  women  that,  while  they 
are  capable  of  following  others  as  far  as  men  can,  they  originate 
almost  nothing,  so  that  human  knowledge  is  not  advanced  by 
their  work.  This  reproach  would  be  well  answered  could  we 
point  to  a  long  series  of  such  observations  as  are  detailed  below, 
made  by  women  observers. 
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Variable  stars  may  be  defined  as  those  which  exhibit  a  vary- 
ing degree  of  brightness  at  different  times.  The  following  classi- 
fication of  them  is  believed  to  be  a  natural  one.  (Proc.  Amer. 
Acad,  xvi,  1,  257.) 

I.  Temporary  stars,  or  those  which  shine  out  suddenly,  some- 
times with  great  brilliancy,  and  gradually  fade  away.  Examples, 
Tycho  Brahe's  star  of  1572,  new  star  in  Corona,  1866. 

II.  Long  period  variables,  or  those  undergoing  great  variations 
of  light,  the  changes  recurring  iu  periods  of  several  months. 
Examples  o  Ceti  and  %  Ccti. 

IIL  Stars  undergoing  slight  changes  according  to  laws  as  yet 
unknown.     Examples,  a  Orionis  and  a  Cassiopeia. 

IV.  Short  period  variables,  or  stars  whose  light  is  continually 
varying,  but  the  changes  are  repeated  with  great  regularity  in  a 
period  not  exceeding  a  few  days.  Examples,  ft  Lyrce  and  S 
Cephei. 

V.  Algol  stars,  or  stars  which  for  the  greater  portion  of  the 
time  undergo  no  change  in  light,  but  every  few  days  suffer  a 
remarkable  diminution  in  light  for  a  few  hours.  This  phenome- 
non recurs  with  such  regularity  that  the  interval  between  suc- 
cessive minima  may  be  determined  in  some  cases  within  a 
fraction  of  a  second.     Examples  £  Persei  (Algol)  and  S  Cancri. 

Stars  belonging  to  the  first  of  these  classes  are  seen  so  rarely 
that  the  apparent  discovery  of  one  is  to  be  received  with  the 
utmost  caution.  On  the  other  hand,  the  importance  of  early 
observations  of  such  an  object  is  so  great  that  no  pains  should  be 
spared  to  secure  an  early  announcement  if  one  is  really  found. 
On  the  best  star  charts  many  stars  are  omitted  of  the  brightness 
of  the  faintest  objects  given.  But  any  star  much  brighter  than 
these  should  be  measured  by  the  method  given  below,  and  a 
watch  kept  to  see  if  any  change  takes  place.  If  it  proves  to  be 
a  temporary  star  an  immediate  announcement  should  be  made. 
If  a  telegram  is  sent  to  this  Observatory  the  object  will  be  at 
once  examined,  and,  if  verified,  notification  will  be  made  in  this 
country  and  in  Europe  with  the  name  of  the  discoverer  or  sender 
of  the  telegram.     A  similar  notification  may  be  sent  of  any  sus- 


6 

pected  objects,  which  will  be  examined  in  the  same  way,  and 
announced  at  once  if  they  prove  to  be  of  interest.  It  is  essen- 
tial that  the  position  of  the  object  should  be  given  with  all  the 
precision  practicable,  and  that  a  letter  should  be  sent  by  the  next 
mail  giving  the  observations  in  detail.  This  often  proves  of  the 
greatest  value  in  case  the  object  is  not  readily  found.  It  also 
serves  to  establish  the  claims  of  the  first  discoverer. 

Nearly  three  quarters  of  the  known  variables  belong  to  the 
second  class.  Most  of  them  undergo  very  large  changes  of  light, 
and  may  therefore  be  observed  with  comparative  ease.  Our 
knowledge  of  their  variations  is  however  very  defective.  Hither- 
to the  attention  of  observers  has  been  directed  principally  to 
determining  the  times  at  which  they  attain  their  maximum  light, 
while  their  light  at  intermediate  times  has  been  neglected.  It 
is  now  proposed  to  secure  observations  of  these  objects  once  or 
twice  in  every  month,  so  that  their  light  curves  or  variations 
throughout  their  entire  periods  may  be  determined.  Again,  many 
observers  are  accustomed  to  state  their  brightness  in  magnitudes 
without  giving  any  clue  to  the  scale  which  they  employ.  In 
most  cases  such  observations  have  little  value  owing  to  the 
uncertainty  of  the  scale  of  the  fainter  magnitudes. 

According  to  Dr.  Gould  and  some  other  observers  most  of  the 
visible  stars  undergo  slight  changes  of  light  and  should  there- 
fore be  assigned  to  the  third  class  of  variables.  It  is  probable 
that  our  Sun  also  belongs  to  this  class,  as  it  is  not  likely  that 
its  light  is  the  same  during  the  maximum  and  minimum  of  the 
sun  spot  period.  At  present  we  are  unable  to  tell  in  which 
case  the  light  would  be  greatest.  It  by  no  means  follows  that 
when  the  spots  are  most  abundant  the  Sun's  total  light  is  least, 
for  the  remaining  portions  of  the  Sun  may  then  have  an  increased 
brightness  more  than  compensating  for  their  diminished  area. 
As  long  as  the  suspected  variations  in  light  of  the  stars  are 
small,  not  exceeding  half  a  magnitude  for  instance,  they  seem  in 
the  present  state  of  science  to  have  comparatively  little  interest. 
They  are  so  liable  to  be  affected,  or  even  caused,  by  errors  of 
observation,  that  the  observation  of  such  objects  does  not  seem 


now  to  be  advisable.  Doubtless  many  such  so-called  variables 
are  really  due  to  errors  caused  by  moonlight,  the  proximity  of 
brighter  stars,  varying  position  of  the  images  on  the  retina  of  the 
observer,  and  other  similar  causes.  They  will  not  therefore  be 
considered  further  in  this  paper. 

The  stars  of  the  fourth  class  as  compared  with  the  second  are 
relatively  few  in  number,  and  the  changes  in  light  small  While 
many  of  them  need  observation,  especially  to  determine  their 
light  curves  more  precisely,  it  is  advised  that  this  work  be  left 
to  those  who  have  acquired  a  high  degree  of  skill  in  these  ob- 
servations. That  the  work  may  be  of  value  it  is  essential  that 
the  errors  should  be  extremely  small.  As,  however,  nearly  all 
are  visible  in  an  opera-glass,  a  skilful  observer  unprovided  with 
a  telescope  may  secure  valuable  results  by  their  observation. 
This  remark  applies  with  especial  force  to  many  of  those  dis- 
covered in  the  southern  heavens  by  Dr.  Gould. 

The  phenomena  of  the  Algol  stars  are  in  many  respects  the 
most  striking  of  any.  The  rapidity  of  the  changes,  their  sur- 
prising regularity,  and  the  comparative  rarity  of  these  objects, 
combine  to  render  the  discovery  of  each  new  one  a  matter  of 
unusual  interest.  As  in  the  case  of  stars  of  the  fourth  class, 
however,  the  study  of  their  light  curves  should  be  left  to  those 
who  have  acquired  especial  skill  in  this  work.  This  is  particu- 
larly desirable,  when,  as  in  this  case,  the  unaided  eye  enters  into 
competition  with  photometric  apparatus,  by  which,  as  some  think, 
it  should  properly  be  altogether  replaced. 

An  elaborate  bibliographical  work  on  the  variable  stars  has 
been  undertaken  at  this  Observatory  by  Mr.  Chandler.  It  will 
include  the  collection  of  all  available  published  observations  of 
known  or  suspected  variables.  A  catalogue  of  suspected  vari- 
ables has  thus  been  prepared,  doubtless  containing  many  stars 
which  are  really  important  variables.  But  it  is  also  likely  that 
many  objects  have  been  introduced  in  the  list  by  errors  in  the 
original  observations.  Such  stars  often  appear  in  one  catalogue 
after  another  of  suspected  variables,  and  it  is  difficult  to  prevent 
the  continued  circulation  of  such  an  error.    Of  course  if  an 
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experienced  observer  at  any  time  estimates  a  star  as  above  or 
below  its  normal  brightness,  it  is  impossible  to  prove  that  the 
observation  was  not  correct,  and  the  star  really  variable.  No 
amount  of  subsequent  observing  could  prove  that  it  had  not  then, 
and  then  only,  an  abnormal  brightness.  We  can,  however,  prove 
that  in  all  probability  it  does  not  belong  to  one  or  more  of  the 
above  classes,  and  thus  make  it  more  and  more  probable  that  the 
observation  is  due  to  an  error.  If  the  star  varies  in  light  by 
one  magnitude,  what  will  be  the  chances  that  we  shall  get. a 
series  of  observations  having  a  range  of  variation  of  one  fifth  of 
a  magnitude  ?  Evidently  on  the  average,  there  will  be  only 
one  chance  out  of  five  that  any  observation  shall  fall  in  the  same 
fifth  of  a  magnitude  as  another.  The  chances  for  three  such 
observations  will  be  only  ^,  and  for  four  -j^,  etc.  These  ratios 
expressed  decimally  are  .2,  .04,  .008,  0016,  .0003,  etc.  Since 
the  separate  determinations  of  the  light  of  a  constant  star  by  the 
method  given  below  should  not  differ  more  than  two  or  three 
tenths  of  a  magnitude,  it  is  obvious  that  if  the  variations  of  the 
star  are  large,  a  few  observations  would  generally  establish  this 
fact.  If  the  star  belongs  to  class  four,  observations  on  half  a 
dozen  evenings  would  hardly  fail  to  show  the  variation.  Con- 
versely, if  no  such  variation  is  detected  we  may  be  almost  cer- 
tain that  the  star  is  not  a  variable  of  that  class,  or  at  least  that 
the  variation,  if  any,  is  not  large.  If  the  star  belongs  to  class 
two,  it  will  change  so  slowly  when  near  its  maximum  or  mini- 
mum that  a  variation  might  not  be  noted  if  the  observations  are 
near  together.  An  interval  of  several  months  should  therefore 
be  allowed  to  take  place,  or  perhaps  it  would  be  better  to  wait 
until  the  star  is  again  visible  the  following  year.  The  total 
variation  in  light  is  usually  so  great  in  these  stars  that  the 
change  will  often  be  visible  at  the  first  glance. 

To  prove  that  a  star  does  not  belong  to  the  fifth  class  is  a 
matter  of  much  greater  difficulty.  In  fact  it  is  almost  impossi- 
ble to  prove  that  it  may  not  be  an  Algol  star  with  a  long  period 
between  the  minima.  Since  these  stars  may  have  their  full 
brightness  for  nine  tenths  of  the  time,  it  is  obvious  that  they 
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may  be  examined  again  and  again  without  happening  to  be  seen 
at  the  time  of  a  minimum. 

On  the  other  hand,  during  a  considerable  portion  of  the  time 
when  it  is  varying,  the  light  will  be  so  much  less  than  usual 
that  a  careful  measurement  is  not  needed  to  detect  the  change. 
Moreover,  it  will  be  useless  to  look  for  an  increase  of  light,  and 
the  observation  may  be  so  planned  as  to  detect  a  diminution 
only. 

If  we  assume  that  only  during  one  tenth  of  the  time  the 
change  in  light  will  be  sufficient  to  be  perceptible,  the  chance  on 
any  given  evening  will  be  9  out  of  10  or  -^  that  the  star  will 
have  its  full  brightness.  For  two  evenings  the  chance  will 
be  (-fa)2  for  three  (^),8  etc.  These  quantities  expressed  decimally 
are  .9,  .81,  .73,  .66,  .59,  .53,  .48,  etc.  Even  after  seven  nights' 
observations,  on  which  no  change  is  noted,  it  will  only  be 
about  an  even  chance  that  the  star  may  not  still  be  of  the 
Algol  type.  A  different  method  of  observing  is  therefore  recom- 
mended when  the  star  is  supposed  to  belong  to  this  class.  Select 
for  comparison  a  star  slightly  fainter,  so  that  a  moment's  glance 
will  satisfy  the  observer  that  the  suspected  variable  is  the 
brighter.  It  is  only  necessary  to  repeat  this  observation  night 
after  night.  If  the  star  is  bright  enough  to  be  visible  with  a 
field  glass,  a  few  seconds  will  be  sufficient  for  this  observation 
after  the  observer  has  become  familiar  with  the  vicinity.  The 
fact  that  the  light  is  normal,  and  the  time  to  the  nearest  minute, 
should  be  recorded  after  each  observatipn.  When  convenient,  it 
is  well  to  repeat  the  inspection  two  or  more  times  during  the 
night,  as  in  determining  the  period  all  the  observations  will 
have  a  value,  provided  that  they  are  separated  by  intervals  of 
more  than  two  or  three  hours.  If  the  star  is  ever  found  below 
its  normal  brightness,  comparisons  should  be  made  with  the  ad- 
jacent stars,  and  continued  as  long  as  possible,  or  until  it  has 
regained  its  usual  brightness.  The  most  complete  proof  that  a 
star  was  not  of  the  Algol  type  would  be  for  observers  in  the 
polar  regions  to  examine  it  at  intervals  of  a  few  hours  for  sev- 
eral days,  or  for  observers  in  different  longitudes  to  make  the 
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same  observations.    If  it  could  thus  be  watched  for  a  week  or 
fortnight  by  enough  observers  to  avoid  interference  by  clouds,  it 
would  be  nearly  certain  that  it  is  not  an  Algol  star  unless  its 
period  is  greater  than  that  of  any  such  object  as  yet  discovered. 
The  problems  to  be  undertaken  may  be  defined  as  follows :  — 

1.  To  observe  all  the  long  period  variables  once  or  twice  every 
month  throughout  their  variations  according  to  such  a  system 
that  all  the  observations  may  be  reduced  to  the  same  absolute 
scale  of  magnitudes. 

2.  To  observe  the  stars  whose  variability  is  suspected  and 
prove  either  that  they  are  really  variable,  or  that  in  all  proba- 
bility they  do  not  belong  to  the  first,  second,  or  fourth  class.  If 
any  are  thought  to  belong  to  the  fifth  class,  to  watch  them  until 
such  a  variation  is  proved,  or  is  shown  to  be  improbable. 

All  of  this  work  will  depend  on  the  possibility  of  readily 
determining  the  brightness  of  a  star  according  to  such  a  method 
that  all  the  observations  can  ultimately  be  reduced  to  the  same 
system.  Herschel  and  Argelander  have  independently  invented 
what  appears  to  be  the  true  method  to  be  followed.  If  a  star  is 
seen  to  be  very  nearly  equal  to  several  others,  from  their  light 
we  can  at  any  time  define  its  brightness.  It  is  essential  that  at 
least  one  of  the  stars  selected  should  be  a  little  brighter,  another 
a  little  fainter,  than  the  star  to  be  observed.  The  range 
within  which  its  light  is  known  is  thus  also  defined.  Such 
observations  will  far  exceed  in  value  any  direct  estimate  of 
magnitude.  When  stars  are  to  be  compared  many  times,  it  is 
convenient  to  designate  them  by  letters  for  brevity.  Let  v  repre- 
sent a  star  which  is  suspected  to  be  variable,  and  a  an  adjacent 
star  of  nearly  equal  brightness.  Owing  to  fluctuations  in  the 
atmosphere,  each  star  will  appear  to  be  constantly  varying  in 
brightness.  If  the  stars  appear  equal  after  a  careful  examina- 
tion, or  if  one  appears  brighter  as  often  as  it  appears  fainter  than 
the  other,  we  may  denote  this  equality  by  wo  or  va,  these  terms 
having  precisely  the  same  meaning.  If  one  of  the  stars  is  sus- 
pected to  be  brighter,  —  that  is,  if  it  appears  sometimes  brighter 
and  sometimes  fainter,  but  more  frequently  brighter,  the  interval 
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may  be  designated  as  one  grade.  The  observation  may  be  written 
a  1  v  or  v  1  a,  the  brightest  star  being  named  first  If  one  star  is 
certainly  brighter  than  the  other,  the  difference,  however,  being 
very  small,  so  that  they  sometimes  appear  equal,  the  difference 
nill  be  two  grades,  and  may  be  written  a  2  v  or  v  2  a.  Greater 
intervals  may  be  estimated  as  three  or  four  grades,  but  such 
observations  have  much  less  valua  It  is  found  in  practice  that 
a  grade  thus  estimated  will  slightly  exceed  a  tenth  of  a  magni- 
tude, A  useful  exercise  for  an  observer  is  to  select  two  stars  of 
known  magnitude  and  several  others  of  intermediate  brightness. 
Arrange  them  in  a  series  in  the  order  of  brightness,  and  estimate 
the  intervals  in  grades.  The  difference  in  magnitude  of  the  first 
stars  divided  by  the  total  number  of  grades  gives  the  value  of 
one  grade.  By  using  different  intermediate  stars,  the  same 
standard  stars  may  be  employed  repeatedly.  The  following 
well-known  polar  stars  will  be  convenient,  since  they  are  always 
visible:  —  a  Urscc  Minoris,  2.2  magn. ;  7  Urscc  Minoris,  3.0 
magn. ;  8  Urscc  Minoris,  4A  magn. ;  51  Cephci,  5.4  magn. ;  X  Urscc 
Minoris,  6.5  magn.  The  above  method  is  essentially  that  of 
Argelander.  Sir  William  Herschel  had  already  employed  a 
method  which  differed  mainly  in  his  notation,  a  .  ,  and  — 
being  equivalent  to  one,  two,  or  three  grades 

In  all  work  of  this  kind  the  observer  must  look  directly  at 
the  star  he  is  observing  at  the  moment,  and  never  try  to 
compare  two  stars  by  a  simultaneous  inspection  of  both. 
After  examining  one  star  until  he  has  a  distinct  impression 
of  its  average  brightness,  freed  from  the  momentary  changes 
due  to  atmospheric  disturbance,  he  should  observe  the  other  in 
the  same  manner.  Alternate  observations  of  the  two  stars, 
each  observation  lasting  for  a  few  seconds,  will  give  a  truer 
impression  than  can  be  derived  from  a  simultaneous  observa- 
tion in  which  the  two  images  must  be  differently  placed  on  the 
retina. 

The  principal  objection  to  this  method  is  the  difficulty  of 
determining  the  value  of  a  grade,  as  it  is  liable  to  vary  with  the 
observer,  the  time,  the  condition  of  the  air,  and  the  brightness 
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of  the  stare.  These  difficulties  are  avoided  by  the  follow- 
ing method.  Select  two  stars  for  comparison ;  one,  a,  slightly 
brighter  than  the  star  to  be  measured,  v,  the  other,  b,  slightly 
fainter.  The  interval  between  a  and  b  should  never  exceed  one 
magnitude.  Estimate  the  brightness  of  v  in  tenths  of  the  inter- 
val from  a  to  b.  Thus,  if  v  is  midway  between  a  and  b  the 
interval  will  be  five  tenths,  and  we  may  write  abb.  If  v  is 
nearly  as  bright  as  a,  we  may  have  a  1  b  or  a  2  b ;  if  v  is  not 
much  brighter  than  bt  we  may  have  a  8  b  or  a  9  b.  An  advan- 
tage of  this  method  is  that  larger  intervals  in  brightness  may  be 
used  between  the  comparison  stars,  and  accordingly  less  distant 
stars  employed  An  increase  in  distance  of  the  stars  always 
renders  the  comparison  more  difficult.  We  can  also  obtain  many 
independent  comparisons  by  using  several  comparison  stars.  If 
we  have  m  stars  brighter  and  n  fainter,  we  shall  only  have  m  +  n 
independent  measures  by  the  method  of  grades,  while  we  may 
have  m  n  comparisons  by  estimating  tenths,  since  estimates  may 
be  made  in  terms  of  the  intervals  between  each  brighter  and  each 
fainter  star.  On  the  other  hand,  especially  when  observing  stars 
not  very  near  together,  it  is  a  decided  advantage  to  have  to  com- 
pare two  stars  rather  than  three.  Each  method  has  its  advan- 
tages, and  that  to  be  used  should  doubtless  depend  on  the 
temperament  of  the  observer. 

Several  precautions  are  needed  to  secure  the  best  results. 
No  observations  should  be  made  near  the  horizon ;  and,  when  the 
objects  examined  are  at  any  considerable  zenith  distance,  stars 
differing  several  degrees  in  altitude  should  be  avoided.  If  the 
stars  are  bright  and  there  is  no  choice,  a  correction  may  be  made 
for  the  error  due  to  the  varying  absorption  at  these  different 
altitudes  if  the  time  of  observation  has  been  noted.  When 
using  a  telescope  or  opera-glass,  the  stars  should  be  brought  in 
turn  to  the  centre  of  the  field,  as  when  near  the  edge  they  will 
not  appear  of  their  true  brightness.  This  is  found  to  be  better 
than  placing  them  at  equal  distances  from  the  centre.  In  select- 
ing comparison  stars,  the  proximity  of  a  brighter  star  is  very 
objectionable,  causing  a  large  error,  which  varies  with  the  mag- 
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nifying  power  used.  Double  stars  should  be  avoided  if  the  pow- 
er used  is  sufficient  to  show  the  companion.  Comparing  stars 
of  different  colors  is  also  objectionable. 

Any  persons  who  desire  to  take  part  in  these  observations  are 
requested  to  communicate  with  the  writer,  and  send  answers  to 
the  questions  given  below. 

1.  What  is  the  location  of  your  point  of  observation  ?  In 
the  city  or  in  the  country,  on  the  ground,  from  a  roof,  or  from  a 
window  ?  Is  any  part  of  your  horizon  obstructed,  or  can  you 
observe  in  all  parts  of  the  sky  ? 

2.  What  is  the  aperture,  focal  length,  and  name  of  maker  of 
your  telescope  ?  also  the  lowest  magnifying  power  and  largest 
field  of  view  you  can  obtain  with  it  ?  Have  you  a  field-glass  or 
opera-glass  ? 

3.  Can  you  identify  bright  and  faint  stars  from  their  designa- 
tions or  right  ascensions  and  declinations?  Have  you  Heis* 
Atlas  Ccelestis  Novus,  the  Uranometria  Argentina,  the  Durch- 
musterung,  or  other  maps  and  catalogues  of  the  stars  ? 

4.  Would  you  prefer  to  observe  the  known  or  the  suspected 
variables,  or  to  divide  your  time  between  them  ? 

For  convenience  in  making  the  reductions  and  for  future  refer- 
ence, it  is  essential  that  all  the  observations  should  be  made  ac- 
cording to  the  same  system.  Observers  are  accordingly  requested 
to  adopt  the  following  form.  Use  half-sheets  of  letter  paper  (eight 
inches  by  ten),  writing  only  on  one  side  and  leaving  a  margin 
of  half  an  inch  for  binding.  Begin  with  a  new  sheet  every 
evening,  and  write  the  date  and  location  (township  and  state)  on 
the  first  line.  Each  sheet  when  completed  should  be  signed,  and 
all  should  be  numbered  consecutively.  When  several  sheets 
are  used  on  the  same  night,  the  date  should  be  entered  on  each. 
The  record  should  be  made  in  pencil,  and  all  subsequent  remarks 
or  corrections  added  or  interlined  with  ink,  taking  especial  care 
not  to  obliterate  or  render  illegible  the  original  record. 

A  general  statement  should  be  made  each  evening  of  the  con- 
dition of  the  sky,  as  "  clear,"  "  hazy,"  "  passing  clouds,"  etc.  The 
time  of  beginning  and  ending  work  should  also  be  noted.     One 
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line  should  be  assigned  to  each  comparison.  The  hour  and 
minute  should  be  written  to  the  left,  and  the  comparison  next 
to  it.  The  right-hand  half  of  the  line  will  be  left  blank  for 
reducing  the  observation. 

Certain  evenings  or  portions  of  evenings  must  also  be  devoted 
to  the  selection  of  the  comparison  stars  of  suspected  variables. 
If  they  are  contained  in  maps  which  are  available,  the  letters 
assigned  to  each  star  may  be  marked  on  the  maps  and  lines 
drawn  to  show  with  what  suspected  variable  star  they  are  asso- 
ciated. If  preferred,  a  sketch  may  be  made  of  the  neighboring 
stars  and  the  letters  entered  on  them.  This  sketch  with  a 
proper  description  should  be  entered  on  the  observing  sheets 
described  above,  and  a  copy  should  be  retained  for  reference. 
Every  month  the  observations  will  be  interrupted  by  moonlight, 
and  accordingly,  three  or  four  days  before  the  full  moon,  all  the 
sheets  that  have  accumulated  should  be  mailed,  addressed  Har- 
vard College  Observatory,  Cambridge,  Mass.  An  acknowledg- 
ment will  be  sent  at  once,  so  that  if  this  is  not  received  a  second 
notification  should  be  sent 

To  attain  success  it  is  particularly  important  that  the  plan 
should  not  be  local  or  national  Observers  in  the  southern 
hemisphere  are  much  needed,  and  for  some  purposes  those  in 
various  longitudes.  It  is  hoped  that  among  the  many  amateurs 
of  Europe,  and  especially  of  England,  may  be  found  some  ready 
to  participate  in  this  work.  No  restriction  regarding  the  ob- 
servations or  publication  is  intended ;  but  it  is  hoped  that  a 
large  addition  to  our  present  knowledge  of  the  variable  stars 
may  be  secured,  without  interfering  with  what  would  otherwise 
be  obtained.  Copies  of  this  pamphlet  and  further  information 
will  be  furnished  on  application.  Any  persons  desiring  to  par- 
ticipate are  requested  to  address  the  writer,  sending  answers  to 
the  questions  given  above.  The  details  will  differ  with  each 
observer,  and  will  be  arranged  by  correspondence.  Apart  from 
the  value  of  the  results  attained,  it  is  believed  that  many  ama- 
teurs will  find  it  a  benefit  to  accustom  themselves  to  work  in  a 
systematic  manner,  and  that  they  will  thus  receive  a  training 
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in  their  work  not  otherwise  easily  obtained  outside  of  a  large 
observatory.  The  lesson  should  be  taught  that  time  spent  at  a 
telescope  is  nearly  wasted,  unless  results  are  secured  worthy  of 
publication  and  having  a  permanent  value.  Those  who  have 
once  accomplished  such  work  are  likely  in  the  future  to  appre- 
ciate its  value,  and  will  often  continue  to  do  useful  work  in 
some  other  department  of  practical  astronomy,  if  not  in  that  of 
variable  stars.  The  education  of  a  class  of  skilled  observers 
would  be  a  work  of  ho  less  value  than  the  results  anticipated 
from  the  observation  of  the  variable  stars. 


EDWARD  C.  PICKERING. 


Harvard  College  Observatory, 
Cambridge,  Mass. 
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In  the  autumn  of  1878  an  effort  was  made  to  secure  for  the 
Observatory  an  annual  subscription  of  five  thousand  dollars  for 
five  years.  It  was  claimed  that,  with  this,  the  current  work 
could  be  doubled,  and  that  much  progress  might  be  made  in 
reducing  the  large  amount  of  past  observations  which  had  been 
accumulating  for  several  years.  It  was  also  anticipated  that  the 
results  attained  would  be  sufficient  to  justify  the  continuance  of 
this  annual  increase  by  means  of  an  endowment.  About  seventy 
ladies  and  gentlemen  of  Boston  and  vicinity  responded  to  this 
call,  and  by  their  generous  aid  have  placed  the  Observatory  in 
its  present  improved  condition.  As  the  subscription  terminates 
this  year,  the  last  instalments  being  payable  next  March,  the 
present  seems  to  be  a  proper  time  to  show  how  far  the  promised 
results  have  been  attained. 

An  attempt  will  also  be  made  to  show  that  the  condition  of 
the  Observatory  has  been  so  greatly  improved  by  this  subscrip- 
tion that  it  would  be  most  unfortunate  that  it  should  relapse  to 
its  former  condition.  A  subscription  of  one  hundred  thousand 
dollars  is  now  in  progress,  and  if  secured  will  permit  a  perma- 
nent condition  of  activity.  It  will  be  noticed  that  the  increased 
amount  of  work  is  quite  out  of  proportion  to  the  increase  of 
income.  This  is  to  be  expected,  since  a  large  part  of  the  ex- 
penses are  the  same  in  either  case,  and  the  increase  is  therefore 


directly  available  for  the  attainment  of  scientific  results.  The 
formation  of  a  corps  of  skilled  assistants  also  requires  time,  and 
a  delay  in  securing  a  continuation  of  our  present  income  would 
seriously  reduce  our  capacity  for  attaining  results  with  the 
greatest  economy  both  of  time  and  money. 

As  an  increased  expenditure  was  undertaken  before  the  com- 
pletion of  the  subscription,  it  is  deemed  best  not  to  limit  the 
present  report  to  a  period  of  exactly  five  years,  but  to  include 
all  the  work  undertaken  since  my  first  connection  with  the 
Observatory  in  February,  1877. 

The  effect  of  the  subscription  may  be  summarized  in  a  few 
words.  Without  it,  only  one  instrument,  the  meridian  circle, 
was  kept  actively  at  work,  the  large  telescope  being  compara- 
tively idle.  The  reductions  even  of  this  one  instrument  could  not 
be  kept  up,  but  every  year  fell  more  and  more  behindhand. 
With  the  subscription,  the  large  telescope,  the  meridian  circle, 
and  the  meridian  photometer,  are  in  constant  use.  A  large  num- 
ber of  the  old  observations  have  been  published,  while  the 
remainder  have  been  reduced,  and  before  long  will  be  ready  for 
publication.  One  volume  of  the  recent  observations  with  the 
large  telescope  has  already  been  published,  another  volume  of 
meridian  photometer  observations  is  now  passing  through  the 
press.  The  unfinished  volumes  of  Annals  were  completed  so 
that,  as  is  shown  below,  our  work  is  now  known  through  twelve 
quarto  volumes,  while  in  1876  but  four  had  been  given  to  the 
public.  Eight  more  volumes  of  Annals  will  be  needed  to  com- 
plete the  publication  of  the  observations  already  made.  The 
increased  rate  of  work  ensues  simply  because  the  corps  of 
assistants  has  been  more  than  doubled. 

Below  will  be  given  in  order  the  various  researches  under- 
taken with  the  large  equatorial,  with  the  meridian  circle,  and 
with  the  meridian  photometers.  Then  will  be  considered  other 
researches,  the  distribution  of  standard  time  and  the  various 
publications  that  have  been  made.  Fifteen  assistants  are  at 
present  attached  to  the  Observatory.  A  large  part  of  the  work 
to  be  done  consists  of  copying  or  computing  of  a  very  simple 


character.    By  a  proper  division  of  labor,  such  work  is  done 

economically,  the  time  of  the  more  skilful  assistants  being 

reserved  for  the  more  difficult  work.     In  this  way  researches 

can  be  carried  out  in  a  few  years  which  are  beyond  the  reach  of 

the  less  favored  observatories  where  the  corps  of  assistants  is 

small,  or  where  such  work  can  only  be  done  if  the  astronomer 

is  willing  to  devote  the  best  years  of  his  life  to  a  single  research. 

It  should  be  observed  that  many  of  the  investigations  named 

below  are  of  great  extent,  involving  many  thousand  observations, 

and  in  many  cases  an  amount  of  computation  which  would 

render  it  impracticable  for  a  small  observatory  to  prepare  the 

work  for  publication  without  a  delay  of  many  years. 

• 
Large  Equatorial. 

The  large  telescope  has  been  devoted  mainly  to  photometry, — 
that  is,  to  a  measurement  of  the  light  of  the  stars.  As  but  little 
work  of  this  kind  had  been  done  with  large  telescopes,  it  was 
necessary  to  devise  instruments  for  this  purpose,  have  them 
constructed,  and  learn  by  experience  the  various  errors  to  which 
each  was  subject.  As  over  a  dozen  forms  of  photometers  have 
been  tried  in  this  work,  the  labor  involved  in  addition  to  that  of 
observation  has  been  very  considerable.  The  principal  investi- 
gations undertaken  with  the  large  telescope  have  been  the 
following :  — 

Satellites.  —  Measurements  of  the  light  of  the  satellites  of 
Mars  were  undertaken  immediately  after  their  discovery  in 
1877.  These  measures  were  repeated  in  the  oppositions  of  1879 
and  1881.  Similar  measures  were  made  of  the  satellites  of 
Jupiter,  Saturn,  Uranus  (outer  satellites),  and  Neptune.  A  long 
series  extending  over  one  hundred  and  twenty-one  evenings  was 
made  of  Iapetus,  the  outer  satellite  of  Saturn,  to  determine  the 
law  by  which  its  light  varies. 

Eclipses  of  Jupiter's  Satellites.  —  The  importance  of  observing 
these  phenomena  has  long  been  recognized.    Hitherto  the  time 
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• 

of  disappearance  or  reappearance  has  alone  been  noted.  Errors 
are  thus  introduced  dependent  on  the  size  of  the  telescope,  the 
sensitiveness  of  the  eye  of  the  observer,  the  haziness  of  the  air, 
and,  worst  of  all,  a  systematic  error  arises  from  the  effect  of  twi- 
light when  Jupiter  is  observed  near  the  sun.  All  of  these  errors 
are  eliminated  by  comparing  the  satellite  photometrically  with 
another  near  it.  Instead  of  single  determinations  we  thus  obtain 
whole  series,  each  of  which  gives  as  many  independent  values  of 
the  true  time  of  disappearance  as  it  contains  separate  observa- 
tions. By  the  aid  erf  one  or  two  assistants  from  seven  to  twelve 
settings  per  minute  may  be  secured.  These  observations  were 
begun  in  June,  1878,  and  since  then  one  hundred  and  eighty 
eclipses  have  been  observed.  It  is  proposed  to  continue  these 
observations  for  at  least  twelve  years,  during  an  entire  revolu- 
tion of  Jupiter  around  the  sun. 

Double  Stars.  —  The  relative  light  of  the  components  of  over 
two  hundred  double  stars  was  measured  in  1879-80.  Each  star 
was  observed  in  more  than  ten  sets  of  four  settings  each. 

Faint  Stars.  —  A  hundred  very  faint  companions  to  bright 
stars  were  selected  in  1878  and  observed  photometrically. 
Several  asteroids  were  similarly  observed.  A  map  of  the  stars 
in  close  proximity  to  the  pole  was  constructed,  and  careful 
measures  were  made  of  the  brightness  of  these  stars,  to  make 
them  available  as  standards  for  other  observers. 

Planetary  Nebulas.  —  A  photometer  was  devised  for  measuring 
the  brightness  of  the  nebulae,  and  applied  to  all  the  planetary 
nebulae.  The  spectrum  of  each  was  also  examined,  and  the 
diameters  of  most  of  them  determined. 

New  Planetary  Nebula.  —  The  simple  plan  of  placing  a  direct 
vision  prism  in  front  of  the  eye-piece  of  a  telescope  appeared  to 
be  an  easy  method  of  detecting  minute  planetary  nebulas  by 
their  spectra.    Some  interesting  objects  of  this  class  were  found 


which  could  not  be  distinguished  from  stars  without  the  prism. 
Stars  could  thus  be  examined  very  rapidly,  many  thousand  being 
viewed  in  a  single  evening.  A  systematic  series  of  sweeps  has 
been  undertaken,  zones  5°  by  10°  equally  distributed  over  the 
sky  being  selected.  From  these  the  inference  may  be  drawn 
that  these  nebulaB  are  not  to  be  found  far  from  the  Milky  Way. 
A  number  of  sweeps  have  accordingly  been  made  in  the  Milky 
Way,  and  have  led  to  the  discovery  of  eleven  of  these  objects. 
One  was  so  bright  that  it  had  been  observed  as  a  star,  without  a 
suspicion  of  its  real  character.  Two  objects  were  also  found 
having  a  very  singular  spectrum  of  bright  lines,  one  being  quite 
unlike  that  of  any  other  known  star.  In  the  course  of  the 
exploration  two  new  variable  stars  were  discovered. 

Variable  Stars.  —  Photometric  observations  of  the  variable 
stars  have  generally  proved  less  satisfactory  than  those  made  by 
the  eye  alone.  A  new  photometer,  however,  overcame  the  usual 
difficulties  and  gave  light  curves  of  several  variables  of  the 
Algol  class  with  great  accuracy.  About  three  thousand  measures 
were  made  of  each  star,  the  observations  generally  extending 
over  several  hours.  In  one  case  nine  hundred  measures  were 
made  in  a  single  night,  extending  without  intermission  from 
seven  o'clock  in  the  evening  until  the  variable  had  attained  its 
full  brightness,  at  half  past  two  in  the  morning. 

Moon.  —  The  light  of  different  portions  of  the  moon's  surface 
is  ordinarily  estimated  according  to  an  arbitrary  scale.  The 
Selenographical  society  of  England  were  invited  to  select  a  series 
of  points  as  standards,  and  the  promise  was  made  to  measure 
their  light  photometrically.  The  Society  accordingly  selected 
about  fifty  such  points,  which  were  measured  here,  and  the 
results  transmitted  to  the  Society  (Selenographical  Journal, 
V.  57). 

Bond  Zones.  —  A  large  part  of  the  work  of  the  Observatory 
during  the  years  1852  to  1860  consisted  in  the  determination  of 
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the  positions  of  about  fifteen  thousand  stars  between  the  equator 
and  one  degree  north.  Plans  are  now  in  progress  for  the  revision 
of  those  between  +  50'  and  -J-  1°  1',  comprising  about  one  fifth 
of  the  entire  list.  These  stars  will  be  observed  with  a  modifica- 
tion of  Professor  Pritchard's  wedge  photometer,  by  which  their 
light  may  be  determined  very  rapidly  during  their  transit  across 
the  field.  This  determination  of  the  light'of  a  large  number  of 
faint  stars  will  afford  a  means  of  extending  the  present  photo- 
metric scale  of  magnitudes.  Convenient  standards  for  compari- 
son will  thus  be  furnished  for  other  faint  stars.  Incidentally  the 
positions  of  the  stars  will  be  measured  and  a  comparison  made 
with  their  places,  as  observed  more  than  twenty  years  ago.  It  is 
hoped  that  some  interesting  cases  of  variability  or  of  large  proper 
motion  will  thus  be  detected.  In  no  other  part  of  the  heavens 
have  we  such  precise  determinations  of  so  many  very  faint  stars, 
and  the  observations  of  Professor  Bond  may  thus  acquire  a  value 
beyond  that  of  simple  catalogue  positions. 

Satellites  of  Mars.  —  The  amount  of  photometric  work  accom- 
plished has  prevented  the  accumulation  of  many  micrometric 
measurements.  In  special  cases,  however,  an  attempt  has  been 
made  to  supply  observations  not  likely  to  be  obtained  elsewhere. 
In  1877,  beside  the  photometric  measures  of  the  satellites  of 
Mars,  a  series  of  measures  of  their  positions  was  also  mada 
The  number  of  these  observations  was  second  only  to  that 
obtained  with  the  great  telescope  at  Washington.  This  was 
partly  due  to  the  use  of  a  shade  of  red  glass,  which  in  the 
following  opposition  was  generally  adopted  at  other  observa- 
tories. In  1879,  thirteen  hundred  and  forty-eight  measurements 
of  the  satellites  were  made,  Deimos  being  last  seen  at  this 
Observatory  as  it  gradually  receded  from  the  earth.  This  is 
remarkable  as  our  telescope  has  entered  into  competition  with 
the  largest  telescopes  in  the  world,  some  of  which  admitted  two 
or  three  times  as  much  light 


Comets.  —  By  securing  the  services  of  Mr.  Chandler  as  an 
assistant,  and  by  the  co-operation  of  Mr.  Eitchie  of  the  Science 
Observer,  a  scheme  has  been  developed  which  has  made  a  great 
advance  in  the  early  announcement  of  comets.  When  a  comet 
is  discovered,  notification  is  usually  sent  to  this  Observatory  by 
telegraph.  If  the  discovery  was  made  in  this  country,  a  tele- 
gram is  at  once  sent  to  the  Dun  Echt  Observatory,  and  thence 
distributed  throughout  Europe.  The  following  evening,  if  clear, 
an  observation  of  the  comet  is  taken,  and  the  resulting  position 
telegraphed  to  Europe.  These  early  positions  have  in  some 
cases  proved  of  great  value,  and  have  been  used  again  and  again 
in  each  subsequent  orbit.  Great  care  has  been  taken  to  avoid 
all  delay  in  sending  them,  with  the  result  that  occasionally 
these  precise  positions  have  become  known  abroad  before  the 
discovery  itself  had  been  announced  by  the  usual  method.  As 
soon  as  these  observations  are  obtained,  the  computation  of  the 
orbit  is  begun,  and  the  work  continued  at  all  hours  of  the  day 
or  night  until  the  results  have  been  translated  into  the  Science 
Observer  cipher  and  cabled.  About  four  days  after  the  comet  is 
discovered,  its  elements  and  ephemeris  are  generally  printed  and 
distributed  in  this  country  and  in  Europe.  By  an  arrangement 
with  the  Signal  Service  and  with  other  observatories,  when 
cloudy  weather  is  expected  here  observations  are  sometimes 
obtained  elsewhere  to  avoid  delay.  Such  arrangements  have 
been  made  with  the  daily  papers  and  with  the  Associated  Press, 
that  any  important  observation  made  here  before  midnight  would 
probably  be  printed  in  the  papers  of  the  following  morning  in 
the  principal  cities  of  the  country. 

By  the  same  system  of  co-operation  a  plan  for  sweeping  for 
comets  has  been  developed,  in  accordance  with  which  a  number 
of  observers  have  undertaken  to  examine  a  certain  portion  of  the 
heavens  once  or  twice  every  month,  and  satisfy  themselves  that 
no  comet  within  the  reach  of  their  telescope  is  to  be  found 
there.  The  results  published  in  the  Science  Observer  show  that 
the  entire  heavens  is  now  so  thoroughly  swept  that  a  comet  is 
not  likely  to  be  long  visible  without  detection. 
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Miscellaneous  Observations.  —  Among  those  may  be  named  the 
determination  of  the  focal  length  of  the  large  telescope,  the  pitch 
of  the  screw  of  the  micrometer,  observations  of  asteroids,  and  a 
careful  series  of  preliminary  observations  for  determining  stellar 
parallax. 

Meridian  Circle. 

The  observations  carried  on  with  this  instrument  during  the 
period  here  discussed  may  be  classified  as  follows :  — 

Zone  Observations,  —  This  series  of  observations  was  under- 
taken in  1870  as  a  part  of  a  general  scheme  for  the  observation 
of  all  stars  of  the  ninth  magnitude  or  brighter,  situated  north  of 
the  equator.  The  work  to  be  accomplished  was  shared  by  a 
number  of  observatories  in  Europe  and  America.  The  stars 
observed  here  are  those  situated  in  the  zone  from  50°  to  55°  north 
of  the  equator,  with  an  extension  of  10'  into  the  adjacent  zones 
on  both  sides,  in  order  to  provide  means  of  connecting  the  results 
obtained  here  and  elsewhere.  These  observations  were  carried 
on  by  Professor  Rogers  from  the  autumn  of  1870  to  January, 
1879,  when  they  were  completed  except  so  far  as  the  reductions 
may  show  the  need  of  revision  to  remove  discordances.  The 
work  has  included  two  complete  observations  of  each  of  about 
eight  thousand  three  hundred  stars,  with  numerous  additional 
observations  of  fundamental  stars  from  which  the  instrumental 
corrections  are  derived. 

Coast  Survey  List  —  A  list  of  two  hundred  and  fifty-eight 
stars  requiring  observation  for  geodetical  purposes  was  drawn  up 
by  the  United  States  Coast  Survey,  and  an  arrangement  was 
made  with  this  Observatory  to  furnish  such  observations.  The 
plan  involved  six  observations  of  each  star.  The  work  was 
begun  in  January,  1878,  and  completed  in  one  year. 

Standard  Stars.  —  The  principal  work  of  the  Meridian  Circle 
after  February  15, 1879,  consisted  in  the  determination  of  the 
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absolute  co-ordinates  of  rather  more  than  one  hundred  of  the 
brighter  stars.  This  work  involves  daily  observations  of  the 
Sun  and  observations  of  the  stars  at  all  times  of  the  night  and 
day.  It  has  occupied  three  years,  but  two  years  more  will  be 
required  to  complete  it  according  to  the  original  plan. 

Miscellaneous  Observations  of  Stars  and  Planets. — Observations 
have  been  frequently  made  at  the  request  of  other  astronomers 
for  special  purposes.  Mr.  Gill,  now  Director  of  the  Eoyal 
Observatory  at  the  Cape  of  Good  Hope,  desired  the  places  of  a 
number  of  stars  used  in  his  observations  for  the  parallax  of  Mars 
and  of  some  asteroids.  These  places  were  accordingly  deter- 
mined here,  and  subsequent  observations  were  made  to  investi- 
gate the  difference  apparently  existing  between  bright  and  faint 
stars  as  determined  at  different  places  and  by  different  observers. 
Observations  of  Mars  and  of  neighboring  comparison  stars  were 
also  made  in  pursuance  of  a  proposition  made  by  Professor  East- 
man. Observations  of  certain  stars  were  made  at  the  request  of 
Professors  Davidson  and  Hall,  of  Captain  Tupman,  and  of  M. 
Bossert  The  comparison  stars  used  in  determining  the  places 
of  several  asteroids  were  likewise  observed,  and  two  observations 
were  made  of  Comet  1881,  III. 

Instrumental  Constants.  —  One  of  the  graduated  circles  of  the 
instrument  has  been  minutely  examined  with  the  aid  of  special 
contrivances  for  detecting  errors  of  graduation.  A  long  col- 
limator has  been  put  up  on  the  grounds  of  the  Observatory,  by 
means  of  which  small  variations  in  the  direction  of  the  line  of 
sight  have  been  studied.  Many  experiments  have  been  tried 
with  levels  of  different  kinds  for  the  purpose  of  discovering 
errors,  and  observations  of  stars  have  been  made  in  order  to 
show  whether  the  telescope  revolves  in  a  vertical  plane.  Its 
flexure,  likewise,  has  been  carefully  discussed,  with  the  unex- 
pected result  that  the  value  of  this  quantity  for  each  year  is 
found  to  be  about  0."6  greater  in  January  than  in  July. 
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Meridian  Photometers. 

In  1878  an  instrument  was  devised  by  which  any  star  when 
crossing  the  meridian  could  be  compared  with  the  Pole-star. 
The  working  of  this  instrument  proved  highly  satisfactory,  and 
many  of  the  errors  were  avoided  to  which  other  photometers  are 
subject  The  images  to  be  compared  are  precisely  alike,  and 
are  viewed  with  the  same  magnifying  power,  aperture  of  tele- 
scope, and  emergent  pencil,  on  the  same  background,  and  in 
general  under  the  same  conditions.  The  stars  are  observed  very 
rapidly,  over  a  hundred  having  been  measured  (with  four  set- 
tings on  each)  by  a  single  observer  in  one  evening.  A  catalogue 
of  all  the  stars  visible  to  the  unaided  eye  in  the  latitude  of 
Cambridge  was  prepared,  and  each  of  these  was  observed  on  at 
least  three  evenings.  Nearly  half  were  observed  twice  as  often, 
or  on  six  evenings  each,  and  some  important  stars  still  more  fre- 
quently. The  entire  work  was  completed  in  less  than  three 
years,  and  furnishes  a  measure  of  the  light  of  about  four  thousand 
and  three  hundred  stars.  Nearly  one  hundred  thousand  settings 
are  involved  in  this  work.  The  results  are  now  being  put  in 
type,  and  will  include  a  discussion  of  the  constancy  of  the  light 
of  the  Pole-star,  the  variation  in  the  atmospheric  absorption  at 
various  altitudes,  and  a  comparison  of  the  nomenclature  of 
various  authorities.  An  important  part  of  the  work  will  be  a 
comparison  of  the  scales  of  magnitudes  employed  by  various 
authorities  from  the  Almagest  to  the  present  time.  A  com- 
parison will  finally  be  made  of  the  light  of  each  star  according 
to  the  separate  authorities  after  applying  a  proper  correction  for 
this  difference  of  scale. 

To  afford  a  better  means  of  comparison  with  the  results  of  the 
eye  observations,  each  of  the  stars  of  the  northern  heavens  has 
been  compared  by  three  observers  with  a  series  of  standard  stars. 
Two  catalogues  are  thus  obtained,  one  giving  the  light  of  the  stare 
as  seen  with  the  naked  eye,  the  other,  the  true  light  as  indicated 
by  the  photometer.  Interesting  results  are  anticipated  from  a 
comparison,  as  showing  the  effect  of  the  proximity  of  bright 
stars,  of  the  background  of  the  Milky  Way,  etc. 
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The  success  of  the  first  meridian  photometer  led  to  the  con- 
struction of  a  similar  instrument  of  much  larger  size  and  of  im- 
proved  form.  The  apertures  of  the  telescopes  were  four  inches 
instead  of  an  inch  and  a  half,  and  various  changes  were  made  in 
the  details.  With  this  instrument  the  light  of  any  star  brighter 
than  the  ninth  or  tenth  magnitude  may  be  determined.  It  will 
be  used  for  a  still  larger  piece  of  work  than  that  above  described. 
In  the  revision  of  the  stars  of  the  northern  heavens,  referred  to 
in  the  description  of  the  work  of  the  meridian  circle,  the  zones 
of  the  various  observatories  overlapped  by  a  small  amount.  Over 
eight  thousand  stars  are  contained  in  these  overlapping  portions, 
and  therefore  are  each  observed  at  two  observatories.  The  light 
of  all  these  stars  is  to  be  determined  with. the  new  meridian 
photometer,  and  the  estimates  of  light  of  the  various  observers 
in  the  entire  work  of  revision  may  thus  be  reduced  to  a  single 
standard.  Incidentally,  the  scale  of  various  catalogues  will  also 
be  determined.  Besides  this  work,  the  standard  stars  of  the 
Uranometria  Argentina,  the  comparison  stars  for  variables,  and 
other  objects  of  interest  will  be  measured. 

Miscellaneous  Observations. 

Meteorology.  —  A  portion  of  the  meteorological  observations  of 
the  Observatory  are  still  kept  up,  but  less  importance  is  attached 
to  them  than  formerly,  on  account  of  the  vast  amount  of  material 
now  being  collected  by  the  United  States  Signal  Service.  At- 
tention is  rather  directed  to  the  more  unusual  and  less  observed 
phenomena.  In  this  connection  may  be  named  a  careful  study 
by  Mr.  Searle  of  certain  zodiacal  phenomena,  especially  that 
designated  by  Brorsen  as  "  Gegenschein." 

Longitude  Detawinations.  —  The  attention  now  paid  at  Wash- 
ington to  the  determination  of  longitude  renders  the  prosecution 
of  this  work  at  Cambridge  less  necessary  than  formerly.  In 
any  important  work  of  the  kind  it  is,  however,  still  desirable  to 
determine  the  longitude  from  this  Observatory,  since  for  many 
years  it  was  the  standard  meridian  in  this  country  to  which  all 
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others  were  necessarily  referred  It  also  served  as  the  basis 
from  which  the  longitude  of  America  from  Europe  has  been 
found.  The  most  important  longitude  campaign  recently  car- 
ried on  here  has  been  the  determination  of  the  difference  in 
longitude  of  Detroit  and  Cambridge,  which  connects  the  system 
of  the  Lake  Survey  with  that  determined  from  this  Observatory. 
The  difference  in  longitude  of  New  Haven  and  Cambridge  has 
also  been  determined. 

Variable  Stars.  —  An  important  piece  of  bibliographical  work 
has  been  undertaken  in  collecting  all  the  observations  hitherto 
made  of  the  variable  stars.  This  has  led  to  the  formation  of  a 
catalogue  of  over  a  thousand  stars  whose  light  has  been  supposed 
by  various  authorities  to  be  variable.  Of  the  known  variables  of 
long  period  the  observed  times  of  maxima  and  minima  and  their 
corresponding  brightness  have  been  in  part  already  collected. 
Finally,  it  is  proposed  to  select  the  more  important  observations, 
more  especially  those  in  which  the  variable  is  compared  with 
one  or  more  stars  of  constant  brightness,  and  reduce  them  to  a 
uniform  scale.  The  comparison  stars  will  probably  be  measured 
with  the  meridian  photometer. 

Preparations  are  now  being  made  to  enlist  the  aid  of  amateur 
astronomers  and  others  in  a  scheme  for  determining  the  con- 
stancy or  variability  of  all  the  suspected  variables  referred  to 
above.  Also  for  determining  the  light  of  all  the  variables  of 
long  period  at  intervals  of  a  month  or  less  throughout  their  entire 
variation  from  maximum  to  minimum.  If  many  persons  can  be 
induced  to  take  part  in  this  work,  a  very  important  addition  to 
our  knowledge  of  the  variable  stars  will  be  attained.  No  instru- 
ment is  required  but  a  telescope  or  even  an  opera-glass.  Besides 
the  more  experienced  observers  it  is  hoped  that  many  persons 
interested  in  astronomy  but  unaccustomed  to  such  work  will 
undertake  it,  as  with  care  the  needed  skill  is  readily  acquired. 
The  education  of  a  class  of  observers  from  those  who  have 
hitherto  failed  to  add  to  our  knowledge  of  the  science  would  be 
in  itself  a  most  important  work.    Doubtless,  should  the  plan 
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prove  successful,  many  professional  astronomers  would  be  will- 
ing to  co-operate  in  the  matter,  and  thus  greatly  add  to  the 
value  of  the  research. 

Standards  of  Lengths.  —  An  important  comparison  of  the 
various  standards  of  length  has  been  conducted  by  Professor 
Rogers,  in  addition  to  his  Observatory  work.  In  connection 
with  this  work  he  visited  London  and  Paris  in  1880,  and  ob- 
tained some  important  comparisons  with  European  standards. 
He  has  also  devoted  much  attention  to  the  construction  of 
standard  scales  with  equal  subdivisions,  and  his  work  has 
proved  essential  in  the  observations  of  the  Transits  of  Mercury 
and  Venus. 

Atmospheric  Refraction.  —  For  several  years  past  investiga- 
tions involving  many  thousand  observations  have  been  in  pro- 
gress, under  the  direction  of  the  Eumford  Committee.  Measures 
have  been  made  at  temperatures  varying  from  +92°  to  — 12°  to 
determine  the  effect  of  changes  in  this  disturbing  element 

Time  Service. 

For  many  years  an  important  service  rendered  by  the  Observa- 
tory to  the  public  has  consisted  in  furnishing  an  accurate  standard 
of  time.  This  department  has  been  improved  and  extended  in 
various  ways.  Two  new  clock  rooms  have  been  constructed, 
and  various  devices  introduced  for  increasing  the  regularity  and 
accuracy  of  the  signals  furnished.  With  the  co-operation  of  the 
Signal  Service  and  of  the  Equitable  Life  Assurance  Company,  a 
time  ball  has  been  erected  in  Boston,  and  is  dropped  every  day 
at  noon.  A  full  description  of  this  ball  will  be  found  in  the 
Professional  Papers  of  the  Signal  Service,  No.  5. 

Publications. 

The  following  tabular  statement  of  volumes  wholly  or  partly 
in  print,  belonging  to  the  Annals  of  the  Observatory,  exhibits  in 
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successive  columns  the  general  subject  of  each  volume  or  part, 
the  instrument  chiefly  used  in  the  observations  described  in  it, 
the  epoch  of  the  observations  or  of  the  events  discussed,  and  the 
date  of  publication.  An  asterisk  in  the  first  column  denotes 
that  the  distribution  of  the  corresponding  work  took  place  during 
the  period  covered  by  this  report.  The  publication  and  distri- 
bution of  Vol  XIIL,  Part  II.,  and  of  VoL  XIV.,  will  probably 
occur  in  1883. 


Date  of 

Vol. 

Part 

Subject. 

Instrument. 

Epoch. 

Publi- 
cation. 

I 

I 

History  and  Description    . 

1840-56 

1856 

I 

II 

Zone  Catalogue,  5,500  Stars 

East  Equatorial  .    . 

1852-53 

1865 

II 

I 

The  Planet  Saturn    .    .    . 

« 

1847-57 

1867 

II 

II 

Zone  Catalogue,  4,484  Stars 

«« 

1854-56 

1867 

in 

Great  Comet,  1868     .    .    . 

u 

1858 

1862 

IV 

I 

Catalogue  of  Standard  Stars 

1855 

1868 

IV* 

II 

Right  Asc,  505  Stars     .    . 

East  Transit  Circle 

l§02-66 

1878 

V 

Nebula  of  Orion    .... 

East  Equatorial  .    . 

1847-66 

1867 

VI* 

Zone  Catalogue,  6,100  Stars 

u 

1859-00 

1872 

VII* 

West  Equatorial 

1847-49 

1871 

VIII* 

I 

History  and  Description    . 

1856-76 

1876 

VIII* 

II 

Astronomical  Engravings  . 

East  Equatorial  .    . 

1872-74 

1876 

IX* 

Photometric  Researches    . 

Zollner  Photometer 

1872-75 

1878 

X* 

Places  of  1200  Stars  .    .    . 

Meridian  Circle  .    . 

1868-72 

1877 

XI* 

I 

Photometric  Observations  . 

East  Equatorial  .    . 

1877-79 

1879 

XI* 

II 

4*                     « 

« 

1877-79 

1879 

XII* 

Places  of  628  Stars   .    .    . 

Meridian  Circle  .    . 

1871-76 

1880 

XIII* 

I 

Micrometric  Measurements 

East  Equatorial  .    . 

1866-81 

1882 

XIII 

II 

1840-79 

XIV 

Meridian  Photometry    .    . 

Mer.  Photometer     . 

1879-82 

Material  for  about  eight  volumes  of  Annals,  in  addition  to 
those  above  named,  has  been  collected,  and  these  volumes  might 
be  completed  and  published  in  the  absence  of  any  further  ob- 
servations, except  with  the  large  meridian  photometer.  The 
subjects  of  the  volumes  are  described  briefly  below.  A  large 
part  of  the  observations  has  been  reduced,  and  several  of  the 
volumes  can  soon  be  prepared  for  printing. 
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Observations  of  fundamental  stars  made  before  1879,  and 
various  series  of  similar  determinations  carried  on  between  1870 
and  the  present  time. 

Observations  of  the  stars  between  50°  and  55?  north  declina- 
tion. 

Catalogue  of  stars  resulting  from  observations  just  mentioned. 

Observations,  in  1879  and  later,  of  the  standard  stars  men- 
tioned above  in  describing  the  work  of  the  Meridian  Circle. 

Miscellaneous  photometric  work,  chiefly  with  the  large  equa- 
torial, 1879*  and  later. 

Photometric  observations  of  the  eclipses  of  Jupiter's  satellites. 

Photometric  observations  with  the  large  meridian  photometer. 

Variable  stars. 

Besides  the  researches  which  have  appeared  in  the  Annals 
above  mentioned,  a  large  number  of  articles  relating  to  astron- 
omy and  kindred  subjects  have  been  published,  during  the  period 
here  considered,  by  the  astronomers  connected  with  the  Obser- 
vatory.    A  list  of  these  is  given  below. 

By  William  A.  Rogers. 

New  Elements  of  Iphigenia  (117)  from  the  Opposition  Observations  of  1870, 
1872, 1873,  1877.     {Astronomischc  Nachrichten,  XCI.  107.) 

On  Standard  Measures  of  Length.      {Am.  Quarterly  Microscopical  Journal, 
Jan.  1879.) 

On  two  Forms  of  Comparators  for  Measures  of  Length.     (Id.  April,  1879.) 

On  the  Limits  of  Accuracy  in  Measurements  with  the  Telescope  and  the 
Microscope.     {Proc.  Am,  Acad,  of  Arts  and  Sciences,  XIV.  168.) 

On  the  First  Results  from  a  new  Diffraction  Ruling  Engine.     {Am.  Journal  of 
Science  and  Arts,  Jan.  1880 ;  3d  Ser.  XIX.  54.) 

On  the  Present  State  of  the  Question  of  Standards  of  Length.    Presented 
April  14,  1880.     {Proc.  Am.  Acad,  of  Arts  and  Sciences,  XV.  273.) 

On  Tolles's  Interior  Illuminator  for  Opaque  Objects.    {Journal  of  Royal  Micro- 
scopical  Society,  III.  754.) 

The  Coefficient  of  Safety  in  Navigation.     {Proc.  U.  S.  Naval  Institute,  VII. 
No.  3.    Science,  April,  1881 ;  II.  171) 
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On  a  Convenient  Method  of  Expressing  Micrometrically  the  Relation  Between 
English  and  Metric  Units  of  Length  on  the  Same  Scale.  (Proc.  Am. 
Assoc,  for  Advancement  of  Science,  Aug.  1881;  XXX.  116.) 

On  a  Method  of  Reducing  Different  Catalogues  of  Stars  to  a  Homogeneous 
System.    (Id.  XXXI.  11.) 

On  the  Performance  of  a  New  Form  of  Level  Invented  bj  Mr.  John  Clark  of 
the  U.  S.  Coast  Survey.     (Id.  XXXI.  14.) 

Plane  v.  Cylindrical  Surfaces.     (Mechanics,  No.  31,  p.  90.) 

A  Study  of  the  Problem  of  Fine  Rulings  with  Respect  to  the  Limits  of  Naked 
Eye  Visibility  and  Microscopic  Resolution.  (Am.  Monthly  Microscopical 
Journal,  Sept.  1882,  p.  165.) 

A  Comparison  of  the  Harvard  College  Observatory  Catalogue  of  Stars  for 
1875.0  with  the  Fundamental  Systems  of  Auwers,  Safford,  Boss,  and 
Newcomb.    (Memoirs  of  the  Am.  Acad,  of  Arts  and  Sciences,  X.  389-429.) 

On  the  Conditions  of  Success  in  the  Construction  of  Standards  of  Length  and 
in  their  Subdivision  into  Equal  Parts.  Read  before  the  American  Society 
of  Microscopists  at  the  meeting  held  at  Elmira,  N.  Y.,  Aug.  1882. 
(Mechanics,  Oct.  27, 1882  and  later.) 


By  Arthur  Searle. 

On  Certain  Zodiacal  Phenomena.      (Astronomische  Nachrichten,  XCEX.  91, 
369 ;  CII.  263.    Science  Observer,  July,  1882 ;  IV.  4.) 


By  Leonard  Waldo. 

Standard  Public  Time.     (Observatory  Circular,  1877.) 

Engineer's  Instruments  and  their  Adjustments.    Boston,  pp.  40, 1.  8°. 

On  the  Longitude  of  Waltham,  Mass.,  Nov.  1877.     (Proc.  Am.  Acad,  of  Arts 
and  Sciences,  XIII.  175.) 

A  Lecture  on  Telling  the  Time.      (Bulletin  of  Essex  Institute,  Feb.  1878 ; 
X.  40.) 

Note  on  the  Measurement  of  Short  Lengths.    Feb.  1878.     (Proc.  Am.  Acad, 
of  Arts  and  Sciences,  XIII.  352.) 

Observations  of  the  Satellites  of  Mars,  and  of  Double  Stars.    (Astronomische 
Nachrichten,  XCII.  87-) 
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Meridian  Observations  of  Mercury  at  its  Transit.     May  5-6,  1878.    (Id. 
XCII.  361.) 

Observations  of  the  Satellites  of  Saturn.    (Id.  XCIV.  339.) 

Report  of  the  Observations  of  the  Total  Solar  Eclipse,  July  29, 1878,  made  at 
Fort  Worth,  Texas.    Cambridge,  1879.    4°. 

Articles  "Transit,"  "Sextant,"  "Telescope,"  "Ruling  Machine,"  ''Time 
Signals,"  "  Mural  Circle,"  "  Zenith  Telescope."  (Jo Anion's  New  Univer- 
sal Cyclopaedia,  New  York,  1877-78.) 

Description  of  a  New  Position  Micrometer.  (Am.  Jour*,  of  Science  and  Arts, 
July,  1880 ;  3d  Ser.  XX.  49.) 

On  the  Adaptation  of  the  Opera  Glass  to  Extremely  Myopic  Eyes.  (N.  T. 
Opktkalmological  Journal,  1880.) 


By   Winslow  Upton. 

Observations  of  Minor  Planets.    [W.  Upton  and  W.  A.  Rogers,  observers.] 
(Astronomische  Nachrichten,  XCHI.  171.) 

Determination  of  the  Orbit  of  (185)  Eunike.    (Id.  XCIV.  51.) 


By  0.  C.   Wendell. 

Observations  of  Comet  c  1S79  (Swift).     (Astronotnische  Nachrichten,  XCVL 
21.) 

Observations  of  Comets  1881  V.  and  1881  VIII.    (Id.  CL  231.) 
Observations  of  Comets  1880  IV.  and  1881 II.     (Id.  CI.  299.) 
Observations  of  Comets  1881  III.  IV.  VI.    (Id.  CHI.  145.) 
Comet  (b)  1881.    (Science  Obterver,  Aug.  1881;  HI.  81.) 

By  J.  Rayner  Edmonds. 

Geodetic  Formulae.    (Appa lochia,  July,  1880 ;  II.  135.) 

Report  of  Councillor  of  Topography.     (Id.  July,  1880 ;  H  161.) 

Geodetic  Formulae.    [Second  Paper.]    (Id.  Dec.  1881 ;  II.  351.) 

The  Mountains  between  Saco  and  Swift  Rivers:    [With  map.]    (Id.  June, 
1882;  III.  57) 
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By  8.  C.  Chandler,  Jr. 

Elements  of  Comet  b  1881.    (Astronomische  Nackrichien,  C  121.) 

Elements  and  Ephemeris  of  Comet  e  1881.    (Id  C.  319.) 

Observations  and  Elements  of  Barnard's  Comet,  1881  VI.    (Id.  CI.  57.) 

On  the  Periodicity  of  Comet  (Denning)  1881  V.     (Id.  CI.  93.) 

On  the  Variability  of  DM.  +  23°  1599.    (Id.  CII.  139.) 

On  Sawyer's  Variable,  DM.  +1°  3408.     (Id.  CII.  371.) 

On  the  Telegraphic  Transmission  of  Astronomical  Data.     {Science  Observer, 
Ang.  1881;  IIL65.) 

Letter  to  the  Astronomische  Gesellschaft  on  the  Science  Observer  Code, 
(Fierteljakrsscknft  der  Astronomischen  GesclUckaft,  1881,  XVI.  344.) 

Elliptic  Elements  of  Comet  (/)  1881 — Denning.     (Science  Observer,  Dec. 
1881 ;  in.  91.) 

On  a  New  Variable  Star  in  the  Constellation  Cetns.     (Id.  March,  1882; 
HI.  105.) 

On  Sawyer's  Variable,  DM.  +1°  3408.     (Id.  July,  1882 ;  IV.  11.) 
On  the  Period  of  R  Hydrae.     (Will  appear  shortly.) 


By  Edward  C.  Pickering. 

The  following  list  contains  the  titles  of  similar  works  of  my 
own  during  the  same  period,  including  those  of  an  official  char- 
acter, describing  the  work  of  the  Observatory,  as  well  as  those 
containing  the  results  of  special  researches. 

The  Micrometer  Level.     (Appalachia,  June,  1877 ;  1. 138.) 

Address  of  the  Vice-President,  Section  A.  (Proc.  Am.  Assoc,  for  Advancement 
of  Science,  Aug.  1877  ;  XXVI.  63.) 

Annual  Report  of  the  Director  of  Harvard  College  Observatory,  presented  to 
the  Visiting  Committee  November  26,  1877.    Cambridge,  1877.    8°. 

Report  on  the  Progress  of  the  Zone  Observations.     {Fierteljahrssckri/t  der 
Astronomischen  QeseUsckaft,  1877,  XII.  290.) 

Annual  Report  of  the  Director  of  Harvard  College  Observatory,  presented  to 
the  Visiting  Committee  November  14, 1878.    Cambridge,  1879.     8°. 
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The  Cosine  Galvanometer.    (Nature,  Jan.  1879 ;  XIX.  217.) 

Stellar  Magnitudes.  (Astronomische  Nachrichten,  XCV.  29.  Nature,  May, 
1379 ;  XX.  14.     Astronomical  Register,  XVII.  175.) 

Thirty-fourth  Annual  Report  of  the  Director  of  the  Astronomical  Observatory 
of  Harvard  College.  Presented  to  the  Visiting  Committee  December  5, 
1879.    Cambridge,  1880.    8°. 

Report  on  the  Progress  of  the  Zone  Observations.  (Vierteljahrsschrift  der 
Astronomischen  Oesellschaft,  1879,  XIV.  387.) 

Observations  of  the  Satellites  of  Mars.  [E.  C.  Pickering,  O.  C.  Wendell,  A. 
Searle,  and  F.  Waldo,  observers.]  (Astronomische  Nachrichten,  XCVII. 
115,  145.) 

Light  of  Webb's  Planetary  Nebula.     (Nature,  Feb.  1880 ;  XXI.  346.) 

Dimensions  of  the  Fixed  Stars,  with  especial  reference  to  Binaries  and  Vari- 
ables of  the  Algol  Type.  (Proe.  Am.  Acad,  of  Arts  and  Sciences,  June, 
1880 ;  XVI.  1.) 

Two  New  Planetary  Nebulae.     (Nature,  Aug.  1880 ;  XXII.  327.) 

Novel  Celestial  Object.     (Id.  Sept.  1880 ;  XXII.  483.) 

New  Planetary  Nebulae.  (Am.  Journal  of  Science,  Oct.  1880 ;  CXX.  303. 
The  Observatory,  March,  1881 ;  IV.  81.) 

Thirty-fifth  Annual  Report  of  the  Director  of  the  Astronomical  Observatory  of 
Harvard  College,  presented  to  the  Visiting  Committee  December  6, 1880. 
Cambridge,  1881.     8°. 

Variable  Stars  of  Short  Period.  (Proc.  Am.  Acad,  of  Arts  and  Sciences,  Feb. 
1881;  XVI.  257.  The  Observatory,  Aug.  — Oct.  1881;  IV.  225,  264, 
284.) 

Observations  of  Comet  III.  1869.     (Astronomische  Nachrichten,  XCIX.  95.) 

Observation  of  the  Solar  Eclipse  of  Dec.  30,  1880.     (Id.  XCIX.  107.) 

The  Companion  of  Sirius.     (Id.  XCIX.  219.) 

Photometric  Magnitude  of  Jupiter's  Satellite  ILL  (The  Observatory,  April, 
1881 ;  IV.  113.) 

Large  Telescopes.  (Proc.  Am.  Acad,  of  Arts  and  Sciences,  April,  1881 ; 
XVI.  364.    Nature,  Aug.  1881 ;  XXIV.  389.) 

Photometric  Measurements  of  the  Variable  Stars  0  Persei  and  DM.  81°  25, 
made  at  the  Harvard  College  Observatory.  [E.  C.  Pickering,  Arthur 
Searle,  and  O.  C.  Wendell,  observers.]  (Proc.  Am.  Acad,  of  Arts  and 
Sciences,  April,  1881 ;  XVI.  370.) 
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Objects  remarkable  for  their  Colors  or  Spectra.  {Astronomische  Nackrickten, 
XCIX.  375.) 

New  Variable  Star  in  Puppis.     (Id.  C.  13.) 

Comet  1881,  III.     {Science,  July,  1881 ;  II.  329.) 

Report  of  the  Committee  on  Standards  of  Stellar  Magnitude.  {Proc.  Am. 
Assoc,  for  Advancement  of  Science,  Aug.  1881;  XXX.  1.) 

Thirty-sixth  Annual  Report  of  the  Director  of  the  Astronomical  Observatory 
of  Harvard  College,  presented  to  the  Visiting  Committee,  November  10, 
1881.     Cambridge,  1882.     8°. 

Report  on  the  Progress  of  the  Zone  Observations.  Fierteljahrsschri/t  der 
Astronomischen  Gesellschaft,  1881,  XVI.  317.) 

Reply  to  inquiries  regarding  Time  Balls.  {Professional  Papers  of  the  Signal 
Service,  No.  5,  p.  24.) 

Stars  with  peculiar  spectra,  discovered  at  the  Astronomical  Observatory  of 
Harvard  College.     {Astronomische  Nachrichten,  CI.  73.) 

Order  of  Brightness  of  Stars.  {English  Mechanic  and  World  of  Science,  Nov. 
1881 ;  XXXIV.  278.) 

Remarkable  Star  Spectrum  ;  New  Planetary  Nebula.  {Science,  Dec.  1881 ; 
II.  581.     Copernicus,  Dec.  1881;  I.  242.) 

The  Pleiades.     {Astronomical  Register,  Feb.  1882 ;  XX.  40.) 

Variable  Stars.  {English  Mechanic  and  World  of  Science,  Feb.  1882 ; 
XXXIV.  542.) 

Photometric  Observations  of  Planets  and  of  Jupiter's  Satellite  III,  made  at 
the  Harvard  College  Observatory.    (Astronomische  Nachrichten,  C1I.  151.) 

Photometric  Observations  of  the  Satellites  of  Mars,  1881-82.  [E.  C.  Picker- 
ing and  O.  C.  Wendell,  observers.]    (Id.  CII.  193.) 

The  Meridian  Photometer.  {Monthly  Notices  of  the  R.  Astr.  Society,  June 
1882 ;  XLII.  365.) 

Photometric  Comparisons  of  Lunar  Objects.  (Selenographical  Journal,  July- 
Ang.  1882 ;  V.  53,  57.) 

Erratum  in  Observations  of  Comet  Wells,  1882.  {Astronomische  Nachrichten, 
CII.  223.) 

Photometric  Measurements  of  Sawyer's  Variable  (DM.  +1°  3408),  and  its 
Comparison  Stars.     (Id.  CIII.  61.) 

New  Planetary  Nebulae.     (Id.  CIII.  95,  165  ) 
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8maH  Planetary  Nebulae,  discovered  at  the  Harvard  College  Observatory. 
{The  Observatory,  Oct.  1882;  V.  294.  The  Sidereal  Messenger,  Oct. 
1882 ;  1. 139.) 

A  Plan  for  Securing  Observations  of  the  Variable  Stars.    Cambridge,  1882.  8°. 

Whether  the  next  five  years  shall  prove  as  fruitful  of  results 
as  the  last,  or  whether  the  Observatory  shall  relapse  to  the  much 
less  active  condition  in  which  it  was  obliged  to  remain  before 
the  subscription  of  1878,  will  depend  on  the  result  of  the  effort 
now  being  made  to  increase  its  endowment  by  one  hundred 
thousand  dollars. 

EDWARD  C.  PICKERING. 
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To  the  President  op  the  University: 

Sir,  —  The  progress  made  in  the  reduction  of  the  past  obser- 
vations has  been  the  distinguishing  feature  of  the  last  year.  The 
microraetric  observations  of  the  large  telescope,  to  the  beginning 
of  1882,  have  been  published,  and  the  volume  has  been  distrib- 
uted. A  large  part  of  it  is  occupied  with  the  work  of  my  prede- 
cessor, the  late  Professor  Winlock,  upon  double  stars,  nebulae, 
and  other  objects,  including  spectroscopic  results.  The  reduc- 
tions of  the  zone  observations  made  with  the  meridian  circle  from 
1871  to  1879  are  now  approaching  completion.  The  meteorolo- 
gical observations  from  1840  to  1880  have  been  brought  together 
and  are  nearly  ready  for  publication.  The  most  important  piece 
of  photometric  work  as  yet  undertaken  here  has  been  completed, 
and  the  catalogue  giving  the  results  of  the  measures  of  four  thou- 
sand stars  is  now  in  the  hands  of  the  printer.  It  thus  appears 
that  if  the  present  rate  of  work  is  maintained,  it  will  not  be  long 
before  the  accumulated  observations  of  the  past  are  reduced  and 
printed,  and  we  may  anticipate  a  publication  of  our  future  obser- 
vations without  a  delay  greater  than  is  needed  for  their  reduction. 

The  work  of  the  various  instruments  will  now  be  considered  in 
detail. 

East  Equatorial. 

Eclipses  of  Jupiter's  Satellites.  —  The  observations  of  these 
eclipses  photometrically,  begun  in  1878,  have  been  continued 
during  the  past  year.  One  hundred  and  eighty-five  eclipses  have 
been  observed,  thirty-two  since  Nov.  1, 1881. 


Objects  having  singular  Spectra.  —  The  search  for  these  objects 
in  previous  years  has  been  mainly  in  regions  selected  without 
special  system.  The  heavens  have  now  been  divided  into  sections 
of  equal  area,  and  a  rectangle  of  5°  by  10°  in  the  centre  of  each 
has  been  selected  for  examination.  The  twelve  regions  having 
centres  at  declination  +  15°  and  right  ascension  lh,  3h,  5h,  etc., 
have  all  been  swept  over  in  this  way.  Of  the  twelve  correspond- 
ing regions  having  a  declination  of  — 15°  six  have  so  far  been  ex- 
amined. From  this  systematic  search,  we  may  learn  in  what 
portion  of  the  heavens  we  may  expect  to  find  objects  of  interest, 
and  thus  justify  a  more  extended  examination.  The  absence  of 
such  objects  in  other  regions  will  also  show  that  a  further  search 
in  their  vicinity  is  unadvisable.  Several  minute  planetary  nebulas 
have  been  found  near  the  Milky  Way,  but  none  at  a  distance  from 
it.  A  special  search  was  therefore  made  last  summer  in  the 
Milky  Way  from  —  30°  to  +  20°.  This  resulted  in  the  discovery 
of  seven  new  planetary  nebulas.  Most  of  these  objects,  although 
moderately  bright,  are  so  minute  that  they  could  not  be  distin- 
guished from  stars  by  an  ordinary  eyepiece.  One  of  them  has 
hitherto  been  mistaken  for  a  star,  and  is  given  in  the  catalogues 
as  DM.  + 1°  3979. 

Satellites  of  Mars.  —  At  the  last  opposition  of  Mars  the  satellites 
were  looked  for  and  were  repeatedly  seen  by  Mr.  Wendell  and 
myself  between  December  16  and  February  24.  It  thus  seems 
probable  that  these  objects  may  be  seen  with  our  telescope  at  any 
opposition  of  the  planet.  The  observations  made  of  them  here  on 
this  occasion  were  entirely  photometric.  The  results  were  in 
general  confirmatory  of  those  obtained  at  the  oppositions  of  1877 
and  1879,  but  the  difference  between  the  brightness  of  Deimos 
when  preceding  and  when  following  Mars,  which  had  been  for- 
merly noticed,  was  not  now  apparent. 

Lunar  Objects. — The  photometric  determination,  for  the  Seleno- 
graphical  Society,  of  the  brightness  of  various  points  on  the  Moon, 
mentioned  in  the  last  report,  was  completed  and  the  results  com- 
municated to  the  Society.  They  appear  in  the  Selenographical 
Journal,  V.  57.  It  appeared  from  this  investigation  that  the 
scale  of  brightness  in  common  use  by  observers  of  the  Moon 
might  be  very  closely  expressed  in  terms  of  stellar  magnitudes, 
each  degree  of  the  scale  answering  to  the  ratio  of  light  equivalent 
to  six  tenths  of  a  magnitude. 


Double  Stars.  —  As  a  part  of  the  bibliography  noted  below,  a 
list  has  been  prepared  of  the  double  stars,  the  variability  of  whose 
components  has  been  suspected.  The  photometer  employed  in 
the  observations  discussed  in  Volume  XI.  Part  I.,  is  especially 
suited  to  observing  such  objects.  The  usual  methods  of  detecting 
variability  fail  when  applied  to  the  double  stars.  One  of  the  most 
striking  instances  in  this  list  is  the  star  0  Serpentis,  one  compo- 
nent of  which  has  been  thought  to  be  variable  by  Dr.  Gould. 
-According  to  our  observations  on  three  evenings  in  1878,  the 
xespective  differences  in  magnitude  of  its  components  were  0.5, 
0.5,  and  1.4.  It  has  been  repeatedly  measured  during  the  past 
^ear  with  the  results  0.4,  0.4,  0.4,  0.5,  0.4,  on  different  evenings. 
3n  general  each  of  these  numbers  is  the  mean  of  sixteen  settings. 
3f  really  variable,  the  star  probably  belongs  to  the  Algol  class, 
mnd  this  conclusion  seems  unavoidable  unless  the  wrong  star  was 
observed  in  the  last  measures  in  1878.  The  measures  show  the 
great  precision  attainable  with  this  form  of  photometer. 

Wedge  Photometer.  —  A  modification  has  been  made  of  Profes- 
sor Pritchard'8  wedge  photometer  which  seems  to  render  it  espe- 
cially suitable  to  the  measure  of  the  light  of  faint  stars  in  zones. 
The  wedge  is  placed  so  that  the  diurnal  motion  of  the  stars  carries 
them  from  its  thin  to  its  thick  portion,  and  the  time  of  disappear- 
ance is  noted.  A  bar  in  the  unobstructed  part'  of  the  field  serves 
to  determine  the  position  of  each  star.  From  1852  to  1860  the 
measurement  of  the  positions  of  the  stars  from  the  equator  to  one 
degree  north  formed  an  important  part  of  the  work  of  the  large 
telescope.  The  stars  in  the  northern  10'  of  this  zone  have  been 
arranged  in  catalogue  form,  and  the  necessary  preliminary  obser- 
vations have  been  made  by  Mr.  Searle.  Besides  determining  the 
light  of  these  objects  it  is  hoped  that  some  interesting  cases  of 
proper  motion  may  be  detected. 

Sawyer's  Variable.  —  A  careful  study  of  this  interesting  star 
by  Mr.  Chandler  proved  that  it  belonged  to  the  Algol  class,  and 
also  that  its  period  was  only  about  twenty  hours.  This  gives  it 
the  shortest  period  of  any  variable  star  as  yet  discovered,  and 
only  a  little  more  than  one  third  of  the  period  of  any  other  vari- 
able of  the  same  class.  The  variation  of  light  is  about  three 
fourths  of  a  magnitude.  A  long  series  of  observations  of  the 
light  curve  and  of  successive  minima  has  been  made  by  Mr.  Chan- 
dler, and  gives  the  period  20h  7m  418.6,  witli  a  probable  error  of 
1«.3. 


The  comparison  stare  were  measured  on  ten  nights  with  the 
meridian  photometer,  and  famished  a  means  of  reducing  these 
observations  to  absolute  light  ratios.  The  light  curve  has  also 
been  determined  photometrically  by  Mr.  Wendell  and  myself. 
Observations  were  made  on  eighteen  nights  and  give  a  very  pre- 
cise measure  of  the  changes  of  light. 

Comets.  — The  telegraphic  system  for  the  speedy  transmission 
of  various  data  respecting  comets,  which  was  mentioned  in  the 
last  report,  has  been  maintained  and  extended.  The  first  obser- 
vation of  a  new  comet  which  is  obtained  at  this  Observatory  is 
now  telegraphed  to  Europe  in  advance  of  the  elements,  and  is 
often  found  useful  by  European  computers.  It  has  happened  in 
two  cases,  those  of  the  comets  discovered  by  Messrs.  Wells  and 
Barnard,  that  the  receipt  of  the  position  obtained  liere  was  the 
first  intimation  abroad  of  the  discovery.  This  led  in  the  case  of 
the  Wells  comet  to  the  supposition  that  the  discovery  had  been 
made  at  this  Observatory,  and  to  guard  against  similar  errors  in 
future,  tho  despatches  are  now  made  fuller,  giving  the  facts  of 
discovery  as  well  as  the  positions.  Arrangements  have  also  been 
made  with  Mr.  Swift,  director  of  the  Warner  Observatory  at 
Rochester,  in  accordance  with  which  he  forwards  information 
received  by  him  of  new  discoveries,  either  for  immediate  trans- 
mission to  Europe,  or  for  a  previous  investigation  here. 

The  four  comets,  discovered  respectively  by  Swift  in  1881,  by 
Wells  and  Barnard  in  1882,  and  by  various  southern  observers 
(the  great  comet  of  the  year),  will  show  the  working  of  this 
system.  In  each  case,  an  observation  was  obtained  at  this  Obser- 
vatory on  the  night  following  the  receipt  of  intelligence  of  the 
discovery,  and  an  orbit  was  computed,  telegraphed  to  Europe,  and 
published  by  the  Science  Observer  in  this  country,  during  the 
next  four  days.  In  two  cases,  the  accurate  position  obtained 
here,  and  telegraphed  in  advance  of  the  orbit,  was  published 
abroad  on  the  day  following  that  on  which  the  news  of  the  dis- 
covery reached  us.  The  orbit  of  Swift's  comet  sent  from  this 
Observatory  first  announced  its  discovery  to  European  astrono- 
mers, as  likewise  happened  in  two  cases  already  mentioned  with 
regard  to  the  first  observation  obtained  here.  These  first  obser- 
vations were  extensively  used  in  the  computations  made  in 
Europe.  Cloudy  weather  prevented  sufficient  data  for  an  orbit 
of  the  great  comet  from  being  secured  here  in  the  first  few  days 


of  its  appearance ;  but,  on  receipt  by  telegraph  from  Europe  of  one 
more  position,  the  orbit  was  computed  and  telegraphed  back 
within  seven  hours. 

Meridian  Circle. 

» 

After  continuous  observations  extending  over  twelve  years, 
TProfessor  Rogers  has  found  it  necessary  to  take  a  prolonged  rest 
from  night  work.    The  interrupted  series  will  be  resumed  in 
f  ebruary,  1883.     Meanwhile  the  instrument  has  been  used  in 
cJetermining  the  local  time.     Its  constants,  including  the  collima- 
tion,  the  level,  the  flexure,  the  reading  of  the  long  collimator,  and 
the  index  error  of  the  circle,  have  been  determined  every  week. 
^Excellent  progress  has  been  made  with  the  reduction  of  the  obser- 
vations from  1870  to  1879.    These  observations  will  occupy  about 
twelve  hundred  printed  pages,  and  will  fill  three  volumes  of  the 
-Annals.    The  subject  will  probably  be  divided  according  to  the 
following  plan.     The  first  volume  will  contain  an  introduction 
giving  a  description  of  the  processes  of  observation  and  of  reduc- 
tion, and  a  discussion  in  detail  of  the  instrumental  constants  for 
the  entire  period.     The  tabular  values  of  these  constants  will  be 
£given  for  each  date.     The  greater  portion  of  this  volume  will  be 
devoted  to  a  table  which  will  give  the  mean  times  of  transit,  the 
circle  readings,  the  constants  needed  in  the  reduction,  and  the 
resulting  right  ascension  and  declination  of  each  of  the  fundamen- 
tal stars  observed.     The.  second  volume  will  contain  all  the  zone 
observations  in  journal  form.    The  quantities  used  in  the  reduc- 
tion of  the  zone  stars  will  also  be  given  in  this  volume.    The 
third  volume  will  contain  the  observations  of  the  secondary  polar 
stars  observed  during  the  years  1872-73,  the  observations  of  a  list 
of  stare  made  at  the  request  of  the  United  States  Coast  Survey 
in  1878,  and  all  the  miscellaneous  observations  made  previous  to 
1879.    The  second  part  of  this  volume  will  contain  the  final  cat- 
alogues of  the  primary  stars,  of  the  secondary  stars,  and  of  the 
zone  stars  reduced  to  1875.0 

The  introduction  to  the  first  of  these  volumes,  occupying  one 
hundred  and  fifty  pages  of  manuscript,  is  completed  and  is  ready 
for  publication.  The  data  for  the  body  of  the  work  are  also 
complete  except  the  introduction  of  the  newly  determined  instru- 
mental constants  depending  directly  upon  the  system  given  in 
Publication  XIV.    of   the    Astronomische    Gesellschaft.      The 


preparation  of  the  copy  for  publication  has  recently  been  com- 
menced. 

Of  the  second  volume,  the  reduction  of  the  zone  observations 
to  the  beginning  of  the  year  of  observation  has  been  completed, 
and  the  copy  containing  the  original  data  has  been  prepared  for 
the  printer.  It  occupies  about  six  hundred  pages  of  manuscript. 
The  reduction  of  the  Durchmusterung  places  from  1855  to  1875 
is  nearly  completed.  A  large  part  of  the  reductions  of  the  zone 
observations  are  to  be  examined  either  by  cross  checks  or  by 
recomputation.  'All  doubtful  observations  are  to  be  investigated, 
and  the  positions  are  to  be  reduced  from  the  beginning  of  the 
year  of  observation  to  1875.0  by  means  of  manuscript  tables. 

The  only  portion  of  the  third  volume  which  is  ready  for  publi- 
cation is  that  containing  the  observations  of  the  Coast  Survey 
Catalogue.  This  occupies  one  hundred  pages  of  manuscript. 
The  reduction  of  the  Polar  Catalogue  with  the  newly  determined 
instrumental  constants,  and  the  formation  of  the  final  catalogues, 
still  remains  to  be  made. 

Meridian  Photometer. 

The  measurement  of  the  light  of  the  stars  visible  to  the  unaided 
eye  was  completed  last  summer.  Over  ninety  thousand  measures 
were  made  on  about  four  thousand  stars,  most  of  them  being 
observed  on  from  thgsc  to  six  nights.  The  more  important  stars 
were  measured  more  frequently.  Pour  settings  were  made  every 
evening  on  each  object.  A  series  of  estimates  by  the  unaided  eye 
have  also  been  made  by  three  observers  for  purposes  of  compari- 
son. The  entire  work  will  involve  the  discussion  of  several 
problems  of  general  interest  in  connection  with  the  light  of  the 
stars.  Among  these  may  be  mentioned  the  atmospheric  absorp- 
tion. A  discussion  of  about  fifteen  thousand  observations  avail- 
able for  this  investigation  shows  that  we  may  assume  that  the 
absorption  at  any  altitude,  exceeding  15°,  equals  in  stellar  mag- 
nitudes one  quarter  of  the  secant  of  the  zenith  distance.  This 
agrees  very  nearly  with  the  empirical  law  deduced  by  Seidel,  espe- 
cially if  we  apply  a  correction  for  the  low  barometric  pressure  due 
to  his  great  elevation.  The  average  deviation  of  the  two  laws 
does  not  exceed  a  thirtieth  of  a  magnitude.  A  special  series  of 
eye  estimates  serves  to  extend  this  law  to  the  horizon. 


The  constancy  of  the  Pole  Star  is  established  by  the  same 
observations  with  the  photometer.  A  series  of  eye  estimates  was 
also  made  to  compare  the  light  of  the  Pole  Star  with  that  of 
other  stars  of  nearly  equal  brigiitness  near  it,  and  shows  that  the 
relative  position  of  two  stars  to  be  compared  has  an  important 
influence  in  their  apparent  brightness.  After  applying  a  proper 
correction,  the  average  deviation  of  the  results  is  reduced  to  six 
one  hundredths  of  a  magnitude.  An  extended  comparison  of 
the  scale  of  magnitudes  employed  by  previous  observers  has  been 
made.  A  reduction  of  the  observations  of  Sir  William  Herschel 
lias  been  effected,  and  has  led  to  interesting  results.  His  obser- 
vations of  the  light  of  the  stars  are  not  only  far  superior  to  any 
similar  work  preceding  it,  but  are  more  precise  than  most  of  the 
subsequent  determinations.  Their  neglect  hitherto  is  partly  due 
to  the  want  of  a  suitable  system  of  magnitudes  by  which  they 
might  be  reduced.  This  want  is  supplied  by  the  photometric 
measures  now  under  consideration.  There  seems  also  to  have 
lreen  an  impression  that  the  intervals  employed  by  Herschel  were 
eo  large  as  to  render  the  observations  uncertain.  Our  reduction 
shows  that  the  intervals  he  designated  as  a  period,  comma,  and 
dash,  do  not  exceed  one,  two,  and  four  tenths  of  a  magnitude;  and 
"that  the  average  deviation  of  a  single  comparison  of  two  stars, 
expressed  in  magnitudes,  is  only  0.25.  As  this  includes  the  error 
of  our  measurements  of  each  star,  the  difference  of  each  as  seen 
"by  the  eye  from  its  true  brightness,  and  the  variation  each  has 
undergone  during  the  past  century,  it  is  obvious  that  the  errors 
of  Herschel's  observations  must  be  very  small.  We  have  thus 
sin  accurate  measure  of  the  brightness  of  a  large  part  of  the  lucid 
stars  a  hundred  years  ago.  This  will  be  of  the  utmost  value  in 
determining  any  changes  of  long  period  that  may  take  place  in 
their  light. 

The  large  meridian  photometer  announced  in  my  last  report 
Jias  been  completed,  and  work  with  it  begun.  Sheets  have  been 
"written  for  about  ten  thousand  stars  to  be  observed  with  this 
instrument.  Over  seven  thousand  measures  have  so  far  been 
made,  mainly  of  the  stars  in  the  over-lapping  portions  of  the  zones 
assigned  to  different  observatories  engaged  in  the  revision  of  the 
Durchmusterung.  The  measurement  of  the  stars  adopted  as 
standards  for  the  Uranometria  Argentina  is  also  in  progress. 
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Publications. 

Volume  XIII.  Part  L,  of  the  Observatory  Annals,  was  pub- 
lished and  distributed  in  October,  1882.  It  contains  the  previ- 
ously unpublished  results  of  micrometric  observations  made  here 
to  the  end  of  1881,  mentioned  in  detail  in  the  report  of  last  year. 

The  printing  of  Volume  XIV.  is  now  in  progress.  This  vol- 
ume is  to  contain  the  results  obtained  with  the  first  meridian 
photometer.  The  part  of  tlie  work  first  printed  consists  of  a 
catalogue  of  stars  visible  to  the  naked  eye  in  this  latitude,  with 
their  magnitudes  as  determined  by  the  photometer,  by  the  recent 
estimates  of  the  northern  stars  likewise  made  here,  and  by  vari- 
ous older  series  of  observations. 

The  papers  mentioned  below  have  appeared  during  the  year  ac 
communications  from  the  officers  of  the  Observatory.  A  few  arc 
added  to  the  list  which  were  overlooked  in  the  preparation  of  the 
last  report. 

Report  of  the  Committee  on  Standards  of  Stellar  Magnitude 
By  Edward  C.  Pickering  and  others.  Proc.  Am.  Assoc,  for  Ad- 
vancement of  Science,  August,  1881 ;  xxx.  1. 

On  a  Convenient  Method  of  expressing  micrometrically  the 
Relation  between  English  and  Metric  Units  of  Length  on  the  saoM 
Scale.     By  W.  A.  Rogers  and  G.  P.  Ballou.    Id.  xxx.  116. 

On  a  Method  of  reducing  Different  Catalogues  of  Stare  to  s 
Homogeneous  System.     By  W.  A.  Rogers.    Id.  xxxi.  11. 

On  the  Performance  of  a  New  Form  of  Level  invented  by  Mr 
John  Clark  of  the  United  States  Coast  Survey.  By  W.  A.  Rog 
ere.    Id.  xxxi.  14. 

New  Variable  Star  in  Puppis.  By  Edward  C.  Pickering 
Astronomisclie  Nachrichten,  c.  18. 

Elements  of  Comet  b  1881.   By  S.  C.  Chandler,  Jr.   Id.  c.  121 

Elements  and  Ephemeris  of  Comet  e  1881.  By  S.  G.  Chan 
dler,  Jr.     Id.  c.  319. 

On  the  Telegraphic  Transmission  of  Astronomical  Data.  B; 
S.  C.  Chandler,  Jr.,  and  J.  Ritchie,  Jr.  Science  Observei 
August,  1881,  iii.  65. 

Comet  b  1881.     By  0.  C.  Wendell.     Id.  iii.  81. 

Report  on  the  Progress  of  the  Zone  Observations.  By  Edwar 
C.  Pickering.  Vierteljahrsschrift  der  Astronomisehen  Gesell 
schaft,  1881,  xvi.  317. 
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Letter  to  the  Astronomische  Gesellschaft  on  the  Science  Ob- 
server Code.  By  S.  C.  Chandler,  Jr.,  and  J.  Ritchie,  Jr.  Id.  xvi. 
344. 

Order  of  Brightness  of  Stars.  By  Edward  C.  Pickering.  Eng- 
lish Mechanic  and  World  of  Science,  November,  1881,  xxxiv.  278. 

Remarkable  Star  Spectrum  ;  New  Planetary  Nebula.  By  Ed- 
ward C.  Pickering.  Science,  December,  1881,  ii.  581.  Coper- 
nicus, December,  1881,  i.  242. 

Geodetic  Formulae.  [Second  Paper.]  By  J.  Rayner  Edmands. 
Appalachia,  December,  1881,  ii.  351. 

Elliptic  Elements  of  Comet  /  1881  —  Denning.  By  S.  C. 
Chandler,  Jr.     Science  Observer,  December,  1881 ;  iii.  91. 

Reply  to  Inquiries  regarding  Time  Balls.  By  Edward  C.  Pick- 
ering.    Professional  Papers  of  the  Signal  Service,  No.  5,  p.  24. 

Observations  and  Elements  of  Barnard's  Comet,  1881,  VI.  By 
S.  C.  Chandler,  Jr.     Astronomische  Nachrichten,  ci.  57. 

Stars  with  Peculiar  Spectra,  discovered  at  the  Astronomical 
Observatory  of  Harvard  College.  By  Edward  C.  Pickering.  Id. 
ci.  73. 

On  the  Periodicity  of  Comet  (Denning)  1881,  V.  ByS.*C. 
Chandler,  Jr.     Id.  ci.  93. 

Observations  of  Comets,  1881,  V.,  and  1881,  VIII.  By  0.  C. 
Wendell.     Id.  ci.  231. 

Observations  of  Comets,  1880,  IV.,  and  1881,  II.  By  0.  C. 
Wendell.     Id.  ci.  299. 

The  Pleiades.  By  Edward  C.  Pickering.  Astronomical  Reg- 
ister, February,  1882,  xx.  40. 

Variable  Stars.  By  Edward  C.  Pickering.  English  Mechanic 
and  World  of  Science,  February,  1882,  xxxiv.  542. 

On  the  Variability  of  DM.  +  23°  1599.  By  S.  C.  Chandler, 
Jr.     Astronomische  Nachrichten,  cii.  139. 

Photometric  Observations  of  Planets  and  of  Jupiter's  Satellite, 
III.,  made  at  the  Harvard  College  Observatory.  By  Edward  C. 
Pickering.     Id.  cii.  151. 

Photometric  Observations  of  the  Satellites  of  Mars,  1881-82. 
[E.  C.  Pickering  and  0.  C.  Wendell,  observers.]  By  Edward  C. 
Pickering.     Id.  cii.  193. 

Erratum  in  Observations  of  Comet  Wells,  1882.  By  Edward 
C.  Pickering.    Id.  cii.  223. 

On  Certain  Zodiacal  Phenomena.  By  Arthur  Searle.  Id.  cii. 
263.    . 
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On  Sawyer's  Variable,  DM.  +  1°  3408.  By  S.  C.  Chandler, 
Jr.     Id.  cii.  371. 

On  a  New  Variable  Star  in  the  Constellation  Cetus.  By  S.  C. 
Chandler,  Jr.     Science  Observer,  March,  1882 ;  iii.  105. 

The  Mountains  between  Saco  and  Swift  Rivers.  [With  map.] 
By  J.  Rayner  Edmands.     Appalachia,  Jane,  1882  ;  iii.  57. 

The  Meridian  Photometer.  By  Edward  C.  Pickering.  Monthly 
Notices  of  the  R.  Astr.  Society,  June,  1882,  xlii.  365. 

Photometric  Comparisons  of  Lunar  Objects.  By  Ejdward  C. 
Pickering.  Selenographicai  Journal,  July-August,  1882  ;  v.  53, 
57. 

On  Certain  Zodiacal  Phenomena.  By  Arthur  Searle.  Science 
Observer,  July,  1882,  iv.  4. 

On  Sawyer's  Variable,  DM.  +  1°  3408.  By  S.  C.  Chandler, 
Jr.     Id.  iv.  11. 

Photometric  Measurements  of  Sawyer's  Variable  (DM.  +  1° 
3408)  and  its  Comparison  Stars.  By  Edward  C.  Pickering. 
Astronomische  Nachrichten,  ciii.  61. 

New  Planetary  NebulaB.  By  Edward  C.  Pickering.  Id.  ciii. 
95, 165. 

Observations  of  Comets,  1881,  III.,  IV.,  VI.  By  0.  C.  Wen- 
dell.    Id.  ciii.  145. 

Small  Planetary  Nebulae,  discovered  at  the  Harvard  College 
Observatory.  By  Edward  C.  Pickering.  The  Observatory,  Octo- 
ber, 1882,  v.  294.  The  Sidereal  Messenger,  October,  1882 ;  i. 
139. 

Plane  v.  Cylindrical  Surfaces.  By  W.  A.  Rogers.  Mechanics, 
No.  31,  p.  90. 

A  Study  of  the  Problem  of  Pine  Rulings  with  respect  to  the 
Limits  of  Naked  Eye  Visibility  and  Microscopic  Resolution.  By 
W.  A.  Rogers.  Am.  Monthly  Microscopical  Journal,  September, 
1882,  p.  165. 

A  Comparison  of  the  Harvard  College  Observatory  Catalogue 
of  Stars  for  1875.0  with  the  Fundamental  Systems  of  Auwers, 
Safford,  Boss,  and  Newcomb.  By  W.  A.  Rogers.  Memoirs  of 
the  Am.  Acad,  of  Arts  and  Sciences,  x.  389-429. 

On  the  Conditions  of  Success  in  the  Construction  of  Standards 
of  Length  and  in  their  Subdivision  into  Equal  Parts.  Read  before 
the  American  Society  of  Microscopists  at  the  meeting  held  at 
Elmira,  N.  Y.,  August,  1882.  By  W.  A.  Rogers.  Mechanics, 
Oct.  27, 1882,  and  later. 
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A  Plan  for  Securing  Observations  of  the  Variable  Stars.     By 
JEdward  C.  Pickering.     Cambridge,  1882.     8°. 

On  the  Period  of  R  Hydras.     By  S.  C.  Chandler,  Jr.     Astrono- 
ische  Nachrichten,  ciii.  225. 


Variable  Stars.  —  The  bibliography  of  the  variable  stars  under- 
~fcaken  by  Mr.  Chandler  last  year  has  been  nearly  completed,  so 
ar  as  the  preparation  of  the  list  of  references  is  concerned.    The 
atalogue  of  stars  suspected  of  variability,  and  the  remarks  re- 
ting  to  each,  are  nearly  complete.   A  plan  has  been  prepared  for 
curing  co-operation  in  the  observation  of  these  objects.    A  pani- 
hlet  has  been  published  relating  to  this  matter,  and  will  be  fur- 
ished  to  all  persons  making  application  for  it.     It  is  hoped  that 
:many  astronomers  will  be  inclined  to  aid  in  this  work,  as  obser- 
vations which  if  detached  might  have  little  value  would  be  most 
useful  as  part  of  an  extensive  system  of  observations.     The  aid 
of  amateurs  is  especially  invited,  since  the  necessary  skill  is  soon 
acquired  and  the  habit  of  making  observations  of  permanent 
utility  would  often  have  a  value  as  great  as  the  direct  results 
anticipated.    The  aid  of  lady  observers  is  also  desired,  since  much 
useful  work  could  be  done  by  them  at  their  own  homes.     Among 
the  many  ladies  owning  telescopes  are  doubtless  some  who  have 
the  time  and  inclination,  and  might,  if  properly  directed,  make 
observations  of  great  value  to  science.    The  observations  of  the 
light  curves  of  the  variable  stars  of  long  period  have  been  much 
neglected,  and   observations  with   this  object  in  view  are   also 
needed.     A  number  of  observers  have  promised  their  aid,  and  by 
next  year  I  shall  hope  to  report  a  large  amount  of  useful  work 
accomplished. 

Miscellaneous. 

Cambridge  was  not  selected  by  the  United  States  Commis- 
sion as  a  station  for  observing  the  transit  of  Venus.  This  was 
in  some  respects  unfortunate,  as  a  complete  series  of  observa- 
tions were  made  here  in  1878  of  the  transit  of  Mercury.  This  was 
done  at  the  request  of  the  Naval  Observatory,  with  the  expecta- 
tion that  we  should  thus  be  prepared  to  observe  the  transit  of 
Venus  at  the  present  time.  On  the  other  hand  it  is  extremely 
doubtful  whether  the  results  obtained  during  the  transit  will 
add  materially  to  our  knowledge  of  the  distance  of  the   Sun, 
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and  the  chance  of  a  cloudy  day  is  twice  as  great  as  that  of  a 
clear  one.  I  regard  the  expenditure  of  money  on  large  pieces  of 
routine  work,  where  a  result  of  value  is  certain  to  be  secured, 
as  more  advisable  than  any  large  expenditure  for  observing  occa- 
sional phenomena,  where  clouds  may  prevent  the  attainment  of 
any  result.  If  clear,  the  contacts  will  be  Observed,  with  such 
other  facts  as  can  be  noted  without  much  previous  expenditure  of 
time  or  money.  Photographs  might  have  been  taken  without  the 
aid  of  the  United  States  Commission ;  but,  as  they  would  neces- 
sarily have  been  made  according  to  a  somewhat  different  system, 
it  is  doubtful  whether  they  would  have  added  to  the  value  of  the 
whole. 

During  the  past  year,  no  change  has  occurred  in  the  corps  of 
assistants,  which  remains  as  described  in  the  last  Report.  The 
buildings  and  grounds  have  been  kept  in  good  order  without  al- 
teration, except  that  an  additional  flight  of  steps  has  been  placed 
near  the  southwestern  corner  of  the  building,  to  make  the  path 
along  its  southern  side  more  readily  accessible.  The  West  Equa- 
torial has  been  removed  from  its  pier  for  use  in  experiments  on 
the  horizontal  mode  of  mounting  telescopes,  and  its  place  is  tem- 
porarily supplied  by  an  excellent  six-inch  refractor  belonging  to 
Mr.  Chandler. 

The  time  service,  in  general  charge  of  Mr.  Edmands,  has  been 
carried  on  successfully  as  in  previous  years.  The  time  ball  was 
dropped  correctly  on  three  hundred  and  fifty-nine  days,  three 
hundred  and  seventeen  by  telegraph  and  forty-two  days  by  hand. 
On  three  days  it  failed  to  drop  at  twelve  o'clock,  and  according 
to  the  rule  was  dropped  precisely  five  minutes  later.  On  two 
days  it  was  impossible  to  obtain  the  signals,  and  on  one  day  an 
accident  to  the  machinery  rendered  it  impossible  to  raise  the 
ball. 

Financial  Condition. 

Having  thus  considered  the  scientific  work  of  the  Observatory, 
its  present  critical  financial  condition  may  be  stated  briefly. 
The  subscription  of  1878,  which  has  given  us  an  increase  in 
income  of  five  thousand  dollars,  expires  with  the  present  year. 
With  this,  three  instruments  instead  of  one  have  been  kept  at 
work,  the  corps  of  assistants  has  been  doubled,  excellent  progress 
has  been  made  in  reducing  the  observations  of  the  past,  and  a 
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large  number  of  volumes  of  annals  and  brief  publications  have 
been  issued.  An  attempt  is  now  being  made  to  secure  a  fund  of 
one  hundred  thousand  dollars  to  render  permanent  this  increased 
rate  of  work.  Over  thirty  thousand  dollars  have  already  been 
promised  conditionally,  the  principal  limitation  being  that  at  least 
seventy-fivo  thousand  dollars  shall  be  secured  before  next  Sep- 
tember. A  failure  in  this  subscription  will  involve  a  return  to 
the  condition  of  comparative  inactivity  which  we  were  previously 
obliged  to  maintain.  With  success,  we  shall  have  the  means  of 
accomplishing  the  amount  of  work  to  be  expected  from  the  stand- 
ing of  this  University,  and  demanded  by  the  advanced  views 
regarding  literary  and  scientific  work  held  in  this  part  of  the 
country. 

EDWARD  C.   PICKERING,   Director. 
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THE   WEDGE   PHOTOMETER. 
By  Edward  C.   Pickering. 

Presented  May  10, 1882. 

Mucn  attention  has  recently  been  directed  to  the^use.of  a  wedge  of 
shade  glass  as  a  means  of  measuring  the  light  of  the  stars.  While  it 
has  been  maintained  by  various  writers  that  this  device  is  not  a  new 
one,  the  credit  for  its  introduction  as  a  practical  method  of  stellar 
photometry  seems  clearly  to  belong  to  Professor  Pritchard,  Director 
of  the  University  Observatory,  Oxford.  Various  theoretical  objec- 
tions have  been  offered  to  this  photometer,  and  numerous  sources  of 
error  suggested.  Professor  Pritchard  has  made  the  best  possible  reply 
to  these  criticisms  by  measuring  a  number  of  stars,  and  showing  that 
his  results  agreed  very  closely  with  those  obtained  elsewhere  by  wholly 
different  methods.  His  instrument  consists  of  a  wedge  of  shade  glass 
of  a  neutral  tint  inserted  in  the  field  of  view  of  the  telescope,  and 
movable  so  that  a  star  may  be  viewed  through  the  thicker  or  thinner 
portions  at  will.  The  exact  position  is  indicated  by  means  of  a  scale. 
The  light  of  different  stars  is  measured  by  bringing  them  in  turn  to  the 
centre  of  the  field,  and  moving  the  wedge  from  the  thin  towards  the 
thick  end  until  the  star  disappears.  The  exact  point  of  disappearance 
is  then  read  by  the  scale.  The  stars  must  always  be  kept  in  the  same 
part  of  the  field,  or  the  readings  will  not  be  comparable.  By  a  long 
wedge  the  error  from  this  source  will  be  reduced.  A  second  wedge 
in  the  reversed  position  will  render  the  absorption  uniform  throughout 
the  field.  Instead  of  keeping  the  star  in  the  same  place  by  means  of 
clockwork,  the  edges  of  the  wedge  may  be  placed  parallel  to  the  path 
of  the  star,  when  the  effect  of  its  motion  will  be  insensible.  To 
obtain  the  best  results  the  work  should  be  made  purely  differential, 
that  is,  frequent  measures  should  be  made  of  stars  in  the  vicinity 
assumed  as  standards.     Otherwise  large  errors  may  be  committed,  due 
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to  the  varying  sensitiveness  of  the  eye,  to  the  effect  of  moonlight, 
twilight,  &c.,  and  to  various  other  causes. 

A  still  further  simplification  of  this  photometer  may  be  effected  by 
substituting  the  diurnal  motion  of  the  earth  for  the  scale  as  a  measure 
of  the  position  of  the  star  as  regards  the  wedge.  It  is  only  necessary 
to  insert  in  the  field  a  bar  parallel  to  the  edge  of  the  wedge  and  place' 
it  at  right  angles  to  the  diurnal  motion,  so  that  a  star  in  its  transit 
across  the  Held  will  pass  behind  the  bar  and  then  undergo  a  continu- 
ally increasing  absorption  as  it  passes  towards  the  thicker  portion  of 
the  wedge.  It  will  thus  grow  fainter  and  fainter,  until  it  finally  dis- 
appears. It  is  now  only  necessary  to  measure  the  interval  of  time 
from  the  passage  behind  the  bar  until  the  star  ceases  to  be  visible,  to 
determine  the  light.  Moreover  all  stars,  whether  bright  or  faint,  will 
pass  through  the  same  phases,  appearing  in  turn  of  the  10, 11,  12,  &c, 
magnitude,  until  they  finally  become  invisible.  For  stars  of  the  same 
declination,  the  variation  in  the  times  will  be  proportioned  to  the  vari- 
ations in  the  thickness  of  the  glass.  But  since  the  logarithm  of  the 
light  transmitted  varies  as  the  thickness  of  the  glass,  and  the  stellar 
magnitude  varies  as  the  logarithm  of  the  light,  it  follows  that  the 
time  will  vary  as  the  magnitude.  For  stars  of  different  declinations, 
the  times  of  traversing  a  given  distance  will  be  proportional  to  the 
secant  of  the  declination.  If  d\  d'  are  the  declinations  of  two  stars 
having  magnitudes  m  and  m',  and  /,  V  are  the  times  between  their 
transits  over  the  bar  and  their  disappearances,  it  follows  that  m!  —  m 
=.A(t  sec  d  —  f  sec  d').  For  stars  in  the  same  declination  calling 
A  sec  8  =  A1  we  have  mf  —  m  =  A'  (t  —  if) .  Accordingly  the  dis- 
tance of  the  bar  from  the  edge  of  the  wedge  is  unimportant,  and,  as 
in  Professor  Pritchard's  form  of  the  instrument,  it  is  only  necessary 
to  determine  the  value  of  a  single  constant,  A.  Various  methods 
may  be  employed  to  determine  this  quantity.  Professor  Pritchard 
has  recommended  reducing  the  aperture  of  the  telescope.  This 
method  is  open  to  the  objection  that  the  images  are  enlarged  by  dif- 
fraction when  the  aperture  is  diminished;  constant  errors  may  thus 
be  introduced.  Changing  the  aperture  of  a  large  telescope  requires 
some  time,  and  in  the  interval  the  sensibility  of  the  eye  may  alter. 
These  difficulties  are  avoided  by  the  following  method,  which  may  be 
employed  at  any  time.  Cover  the  wedge  with  a  diaphragm  in  which 
are  two  rectangular  apertures,  and  place  a  uniformly  illuminated  sur- 
face behind  it.  Bring  the  two  rectangles  into  contact  by  a  double 
image  prism,  and  measure  their  relative  light  by  a  Nicol.     From 
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the  interval  between  the  rectangles  and  the  focal  length  of  the  tele- 
scope the  light  in  magnitudes  corresponding  to  one  second,  or  A,  may 
be  deduced.  Perhaps  the  best  method  with  a  small  telescope  is  to 
measure  a  large  number  of  stars  whose  light  has  already  been  deter- 
mined photometrically,  and  deduce  A  from  them. 

The  great  advantage  claimed  for  this  form  of  wedge  photometer  is 
the  simplicity  of  its  construction,  of  the  method  of  observing,  and  of 
the  computations  required  to  reduce  the  results.  It  may  be  easily 
transported  and  inserted  in  the  field  of  any  telescope  like  a  ring 
micrometer.  The  time,  if  the  observer  is  alone,  may  be  taken  by  a 
chronograph  or  stop-watch.  Great  accuracy  is  not  needed,  since  if 
ten  seconds  correspond  to  one  magnitude,  it  will  only  be  necessary  to 
observe  the  time  to  single  seconds.  The  best  method  is  to  employ 
an  assistant  to  record  and  take  the  time  from  a  chronometer  or  clock. 
If  the  stars  are  observed  in  zones,  the  transits  over  the  bar  serve  to 
identify  or  locate  them  as  well  as  to  determine  their  light.  A  wedge 
inserted  in  the  field  of  a  transit  instrument  will  permit  the  determina- 
tion of  the  light  of  each  star  observed  without  interfering  with  the 
other  portion  of  the  observation.  If  the  stars  are  all  bright,  time 
may  be  saved  by  dispensing  with  the  thin  portion  of  the  wedge.  In 
equatorial  observations  of  asteroids  the  light  may  be  measured  photo- 
metrically with  little  additional  expenditure  of  time.  Perhaps  the 
most  useful  application  would  be  in  the  observation  of  zones.  When 
the  stars  are  somewhat  scattered  it  would  often  happen  that  their  light 
might  be  measured  without  any  loss  of  time.  By  this  instrument 
another  field  of  usefulness  is  opened  for  the  form  of  horizontal  tele- 
scope advocated  at  a  former  meeting  of  this  Academy  (Proc.  Amer. 
Acad.  XVI.  364).  Very  perfect  definition  would  not  be  required, 
since  it  would  affect  all  the  stars  equally.  To  an  amateur  who  would 
regard  the  complexity  of  an  instrument  as  a  serious  objection  to  it, 
a  means  is  now  afforded  of  easily  reducing  his  estimates  of  magni- 
tude to  an  absolute  system,  and  thus  reudering  them  of  real  value. 
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Second  Report  of  the  Committee  on  Standards  of  Stellak 
Magnitudes. 

The  first  report  of  this  Committee  (Proc.  Amer.  Assoc.  XXX, 
p.  1)  included  a  plan  for  the  determination  of  standards  for  stars 
fainter  than  the  tenth  magnitude.  Twenty-four  bright  equatorial 
stars  were  chosen  and  the  standards  were  to  be  selected  from  the 
regions  following  them  from  two  to  six  minutes  of  time  and  not 
differing  in  declination  from  the  leading  stars  by  more  than  five 
minutes  of  arc.  The  observations  described  below  have  been  made 
at  the  Harvard  College  Observatory  unless  otherwise  stated.  The 
light  of  each  of  the  leading  stars  has  been  determined  on  from 
seven  to  eighteen  nights  with  the  meridian  photometer.  Charts 
have  been  constructed  of  all  the  stars  visible  with  the  fifteen 
inch  telescope,  in  all  but  three  of  the  regions  from  which  the 
standards  are  to  be  selected.  Most  of  these  charts  have  been 
submitted  to  a  careful  scrutiny  with  the  fifteen  inch  telescope 
of  the  Washburn  Observatory.  An  important  test  of  the  com- 
pleteness of  the  charts  is  thus  afforded. 

In  the  following  table  three  successive  columns  give  the  names  of 
the  twenty-four  leading  stars  and  their  approximate  right  ascen- 
sions and  declinations  for  1880.  The  next  two  columns  give  the 
number  of  nights  on  which  they  were  observed  with  the  meridian 
photometer,  and  the  resulting  magnitude.  The  details  of  these 
measures  and  a  comparison  with  various  other  determinations  of 
their  light  will  be  found  in  the  Ham.  Obswv.  Annals,  Vol.  XIV. 
The  last  columns  give  the  number  of  stars  in  each  of  the  charts, 
and  the  corresponding  number  of  stars  contained  in  the  same 
portions  of  the  Durchmusterung. 

Stars  suitable  for  standards  must  next  be  selected  by  the  help  of 
the  charts.  The  light  of  these  stars  should  then  be  measured  in 
as  many  different  ways  as  possible.  The  Committee  will  be  much 
indebted  for  aid  that  may  be  rendered  them  in  this  portion  of  their 
work.  The  early  publication  of  the  charts  now  becomes  a  matter 
of  importance,  as  it  would  permit  their  immediate  use  for  various 
purposes. 
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Mountain  Observatories. 

By  Edward  C.  Pickering. 

Read  March  14, 1888. 

Much  attention  has  recently  been  directed  to  the  question 
whether  the  conditions  are  more  favorable  to  astronomical 
observations  on  the  summit  of  a  lofty  mountain  than  at  the 
level  of  the  sea.  The  evidence  so  far  collected  is  somewhat 
contradictory,  although  there  can  be  no  doubt  that  for  certain 
investigations  great  elevations  are  almost  essential.  It  there- 
fore appears  to  be  of  interest  to  consider  what  advantages  are 
to  be  expected,  what  work  should  be  undertaken,  and  what 
instruments  are  best  adapted  to  securing  results  of  value. 
Astronomical  science  is  at  present  limited  not  so  much  by  the 
imperfections  of  our  instruments  as  by  meteorological  condi- 
tions. The  first  cause  of  error  is  the  change  due  to  the  effect 
of  variations  of  temperature  in  the  instruments  themselves. 
This  is  especially  noticeable  in  large  reflecting  telescopes, 
where  a  slight  irregularity  of  temperature  —  such  as  would 
be  produced  by  placing  the  hand  upon  the  mirror  —  would 
entirely  destroy  the  sharpness  of  the  image.  In  any  precise 
measures  care  must  be  taken  that  all  portions  of  the  instru- 
ment are  at  the  same  temperature,  or  serious  deviations  will 
ensue.  The  second  and  more  important  source  of  error  is  that 
due  to  the  atmosphere.  Owing  to  variations  of  temperature,  the 
density,  and  consequently  the  index  of  refraction  of  the  air,  is 
constantly  changing.  This  effect  is  magnified  by  a  telescope, 
so  that  we  always  perceive  the  fluctuations  in  the  images  of  a 
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large  telescope,  such  as  are  sometimes  noticed  by  the  unaided 
eye  vhen  looking  through  the  column  of  heated  air  rising  from 
a  chimney.  The  effect  of  the  absorption  of  the  air  is  not  very 
serious  for  objects  near  the  zenith.  At  the  level  of  the  sea,  about 
one  quarter  of  the  light  of  a  star  in  the  zenith  is  absorbed  by 
the  air.  At  the  greatest  elevations  at  which  an  observatory 
could  be  erected,  only  about  one  half  of  the  air  would  be  sur- 
mounted. The  brightness  of  zenith  stars  will  therefore  only  be 
increased  a  little  more  than  a  tenth  of  a  stellar  magnitude,  —  an 
amount  which  is  scarcely  perceptible  by  the  most  careful  com- 
parisons. In  observing  the  sun,  the  intense  light  of  the  sky  in 
its  immediate  vicinity  often  seriously  interferes  with  the  results. 
The  observations  of  our  fellow-member,  Professor  Langley,  and 
of  Professor  Young,  have  conclusively  shown  the  advantages,  in 
such  researches,  of  very  elevated  stations.  The  light  surrounding 
a  bright  star  or  planet  is  largely  due  to  the  aberration,  internal 
reflections,  and  imperfect  transparency  of  the  object-glass.  It 
is  not  certain,  therefore,  that  any  great  benefit  would  be  gained 
by  an  increased  altitude  in  observing  the  fainter  satellites,  or 
companions  to  bright  stars.  The  principal  advantage  we  should 
anticipate  would  therefore  consist  in  the  increased  steadiness  of 
the  images.  Should  this  result  be  realized,  the  importance  of 
a  mountain  observatory  would  amply  repay  the  inconvenience 
of  conducting  it.  Not  only  would  the  accuracy  of  all  measure- 
ments be  increased,  but  close  double  stars  would  be  more  easily 
separated,  and  the  structure  of  the  surfaces  of  the  planets 
would  be  more  distinctly  shown.  Stars  too  faint  to  be  seen 
under  ordinary  conditions  would  become  visible,  owing  to  the 
concentration  of  their  light  in  a  single  point. 

We  do  not  yet  know  whether  more  hours  of  good  "  seeing  " 
can  be  obtained  at  a  great  height  than  at  a  properly  selected  point 
near  the  level  of  the  sea.  There  can  be  no  doubt  that. great 
advantages  would  accrue  from  a  proper  location  ;  but  it  almost 
always  happens  that  political  or  personal  reasons  determine 
the  place  where  a  large  telescope  is  to  be  erected,  independently 
of  the  best  climatic  conditions. 

The  difficulties  of  maintaining  a  large  observatory  at  a  great 
elevation  are  very  serious.  Among  them  may  be  named  the 
expense  of  transportation  of  all  the  supplies  needed,  the  unwil- 
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lingness  of  observers  to  lead  so  isolated  a  life,  its  probable 
unhealthiness,  and  the  difficulty  of  performing  much  work  of 
any  kind  in  a  rarefied  atmosphere. 

The  expenditure  required  for  an  observatory  may  be  divided 
into  the  original  cost  of  buildings  and  instruments,  and  the 
current  expenses  for  making  the  observations,  reducing  them, 
and  publishing  the  results.  If  architectural  effect  is  not  aimed 
at,  the  building  expenses  need  not  be  large.  The  impression 
is  prevalent  that  the  principal  expenditure  should  be  made  on 
the  instruments.  In  establishing  many  observatories  this  has 
proved  to  be  a  fatal  mistake.  If  much  work  is  to  be  done,  by 
far  the  largest  appropriation  should  be  made  for  current  ex- 
penses, mainly  for  the  salaries  of  a  large  corps  of  assistants. 
At  the  Harvard  College  Observatory,  the  current  expenses  for 
two  years  would  cover  the  entire  cost  of  the  instruments.  In 
other  words,  estimating  the  rate  of  interest  at  five  per-cent,  ten 
times  as  much  is  expended  on  the  observations,  reductions, 
publications,  and  other  current  expenses,  as  on  the  instruments. 
A  similar  remark  applies  to  the  observatories  at  Greenwich  and 
Washington..  In  most  forms  of  routine  work,  such  as  is  done 
at  these  observatories,  the  time  required  to  prepare  the  obser- 
vations for  printing  may  be  estimated  at  five  to  ten  times  that 
required  to  make  them.  The  relative  expenditures  would  not 
be  so  great,  since  much  of  the  reduction  consists  in  copying 
and  in  simple  computations,  which  can  be  done  by  less  expen- 
sive assistants.  Apart  from  the  high  cost  of  living  on  the  sum- 
mit of  a  mountain,  high  salaries  must  be  paid  to  assistants,  to 
induce  them  to  make  the  sacrifices  required  in  such  a  life. 
Obviously,  then,  great  economy  may  be  attained  by  restricting 
the  wojk  on  the  mountain  to  that  which  can  be  done  there  only, 
and  conducting  the  greater  portion  at  some  lower  elevation, 
^where  the  best  facilities  exist  for  completing  it.  Among  other 
advantages  will  be  the  convenience  for  supervision  and  direc- 
tion of  the  work,  rapidity  in  publication,  and  ready  communi- 
cation with  other  observatories. 

The  principal  question  to  be  determined  appears  to  be  whether 
the  increased  steadiness  of  the  air  will  give  a  real  advantage. 
For  this  purpose  two  similar  instruments,  which  need  not  be  of 
very  large  size,  should  be  erected,  bne  on  the  mountain,  the 
other  at  some  convenient  point  below.    Similar  work  should 
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Fig.L 


be  done  with  each  for  one  or  more  jean.    The  results  would 
show  the  relative  advantages  of  the  two  station*. 

To  proceed  now  to  details.  A  form  of  telescope  described  in 
the  Proceedings  of  the  American  Academy1  has  especial  advan- 
tages for  moan  tain  observations.  The  telescope  A  2?,  Fig.  1,  is 
mounted  horizontally,  pointing  east  or  west,  and  has  a  plane 
mirror,  C,  inclined  at  an  angle  of  45°  to  its  axis,  placed  in 
front  of  it.    This  mirror  can  turn  around  an  axis  coinciding 

with  the  axis  of  the  tele- 
scope, so  that  any  object 
when  crossing  the  merid- 
ian can  be  brought  into 
the  field  of  view.  The 
position  of  the  mirror  can  be  controlled  and  determined  by  long 
rods  extending  to  the  eye  end.  Objects  can  be  observed  only 
when  within  an  hour  or  two  of  the  meridian,  but  in  any  large 
piece  of  work  there  are  always  enough  objects  so  situated. 

The  usual  method  of  erect- 
ing a  telescope  of  the  same 
size  in  a  dome  is  shown 
for  comparison  in  Fig.  2. 
Among  the  advantages  of 
the  horizontal  mounting 
mav  be  named  the  follow- 

m 

ing.  A  much  smaller  por- 
tion of  the  rock  surface 
need  be  prepared  for  its 


Fig.  2. 


erection.  Only  a  small  shed,  which  should  be  a  part  of  the 
dwelling-house  of  the  observer,  and  a  pier  at  B  (7,  covered 
to  protect  the  lens  and  mirror  from  the  weather,  are  needed. 
The  intermediate  space  below  the  tube  may  be  left  in  its 
natural  condition.  A  dome  requires  a  prepared  circular 
floor  of  a  diameter  somewhat  greater  than  the  length  of  the 
telescope.  To  derive  the  full  benefit  from  a  dome,  the  view 
should  be  unobstructed.  The  observatory  must  be  on  the 
summit  of  the  mountain,  where  it  is  greatly  exposed  to  storms, 
and  where  fuel  and  water  are  difficult  to  obtain.  The  hori- 
zontal telescope,  on  the  other  hand,  only  requires  a  clear 
southern  horizon.    It  may,  therefore,  often  be  mounted  where 

*  VoL  xri.  p.  61 
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it  will  be  protected  from  the  most  violent  storms.    The  wind 
is  a  serious  source  of  danger  to  a  large  dome.    The  figures 
show  the  relative  surfaces  exposed  to  it.     Snow  and  ice  are 
liable  to  render  it  impracticable  to  use  a  dome  ;  while  with  a 
horizontal  telescope  this  difficulty  is  reduced  to  a  minimum, 
since  it  is  only  necessary  that  the  shutter,  over  (7,  may  be 
opened.     A  most  important  advantage  of  the  horizontal  tele- 
scope is  the  convenience  to  the  observer.     The  consequence  is 
that  the  hours  of  observation  may  be  prolonged,  and  far  more 
work  accomplished.     In  a  rarefied  air,  where  every  movement 
is  fatiguing,  the  labor  of  moving  a  dome  would  be  very  great. 
With  a  horizontal  telescope,  as  the  eye-piece  does  not  move, 
the  observer  sits  in  comfort,  always  looking  horizontally.    One 
of  the  greatest  advantages  is  that  the  observer  may  work  in  a 
warmed  room.    The  object-glass  is  so  far  distant,  horizontally, 
that  the  heat  at  the  eye-piece  will  not  affect  the  definition. 
Work  may  thus  be  carried  on  with  perfect  comfort  on  the 
coldest  nights.     The  application  of  this  to  observations  during 
the  prolonged  nights  in  the  arctic  regions  is  obvious.     Porta- 
bility is  often  a  serious  consideration  in  work  at  great  altitudes. 
No  portion  of  the  horizontal  telescope  need  be  so  heavy  but 
that  it  could  be  carried  by  a  horse,  or  even  by  a  man.     The 
tube  need  only  support  its  own  weight,  and  may  be  made  of 
tin.     A  heavy  steel  tube  is  required  to  give  sufficient  stiffness 
with  an  equatorial  mounting.     The  horizontal  telescope  has 
especial  advantages  in  steadiness,  as  mirror,  object-lens,  and 
eye-piece  are  all  close  to  the  supporting  pier.    This  is  an  im- 
portant consideration  on  windy  nights. 

Various  researches  suitable  to  a  horizontal  telescope  have 

been  suggested  in  the  article  named  above.    In  general,  the 

greatest  proportionate  saving  will  be  effected,  when  the  least 

skill  and  time  are  required  in  the  observations  as  compared  with 

their  reduction.     Photography  offers  an  especially  promising 

field  in  this  respect.     The  improvements  in  dry  plates  render 

it  not  improbable  that  photographs  will  replace  star-maps,  for 

the  brighter,  and  perhaps  for  the   fainter,  stars.      A  skilful 

photographer,  even  if  he  had  but  little  knowledge  of  astronomy, 

might  obtain  in  a  short  time  a  collection  of  photographs  which, 

by  a  proper  discussion  in  a  more  convenient  station,  would 

yield  a  vast  collection  of  valuable  results.    It  cannot  be  long 
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before  a  daily  photograph  of  the  solar  protuberances,  with 
occasional  photographs  of  the  solar  corona,  will  form  a  part  of 
the  routine  work  to  be  expected  from  astronomers.  The 
advantages  of  a  great  elevation  in  such  work  are  undoubted. 

The  working  hours  of  the  assistants  should  be  devoted  almost 
entirely  to  observations.  But  little  of  the  reductions  should 
be  attempted,  as  this  can  be  much  better  done  at  the  central 
office.  A  sufficient  description  of  the  work  should  of  course 
be  appended,  to  render  the  results  intelligible  to  another  person, 
but  almost  all  the  clerical  work  can  be  better  done  below. 

Of  course  many  meteorological  observations  could  be  taken 
with  advantage  in  a  mountain  observatory,  and  by  self-register- 
ing instruments  the  time  of  the  observer  could  be  saved. 
The  maximum  force  of  the  wind  in  storms,  and  the  minimum 
temperature  in  winter,  should  be  especially  noted.  An  im- 
portant investigation  would  be  the  measurement  of  the  varia- 
tions in  the  atmospheric  refraction  by  the  micrometer  level 
(Appalachia,  I.  63, 138).  The  apparent  altitude  of  a  number 
of  the  most  distant  points  should  be  observed  from  time  to  time, 
and  the  atmospheric  refraction  deduced.  Observations  of  the 
thermometer  and  barometer  should  be  obtained  at  the  same 
time.  The  value  of  the  work  would  be  greatly  increased  by 
simultaneous  observations  at  one  or  more  of  the  points  ob- 
served. Such  observations  might  at  least  be  obtained  at  some 
point  in  the  country  below.  Barometric  observations  at  such  a 
point,  where  the  difference  in  height  was  as  great  as  possible 
and  the  horizontal  distance  small,  would  have  great  value  in 
determining  the  relation  of  the  barometer  to  the  height,  as 
affected  by  other  meteorological  conditions. 

In  selecting  a  proper  location,  many  preliminary  observations 
would  be  necessary.  We  cannot  depend  altogether,  on  the 
meteorological  observations  already  made,  as  they  commonly 
give  the  rainfall  rather  than  the  amount  of  cloudy  weather. 
If  a  point  could  be  found  where  the  sky  was  almost  always 
clear,  at  least  in  certain  seasons,  a  great  additional  advantage 
would  be  gained  for  many  purposes.  Much  time  is  now  spent 
in  preparing  to  observe  certain  occasional  phenomena,  and  no 
result  obtained  on  account  of  clouds.  With  a  certainty  of  clear 
weather,  one  observatory  could  often  make  all  the  observations 
needed  of  such  phenomena. 
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The  portability  of  the  horizontal  telescope  is  a  strong  argu- 
ment in  favor  of  its  use  in  the  preliminary  observations.     The 
first  trial  might  be  made  with  a  telescope  of  the  usual  form, 
small  enough  to  be  carried  by  a  horse.     As  high  a  magnifying 
power  as  it  would  bear  should  be  employed,  and  images  of 
bright  stars,  of  close  doubles,  and  of  faint  companions  to  bright 
stars  should  be  studied  as  they  approach  the  western  horizon. 
By  noting  the  time  at  which  tl^e  images  become  unsatisfactory, 
we  can  compute  the  altitudes  at  which  they  are  equally  good 
on  different  nights.     We  have  thus  a  quantitative  test  of  the 
steadiness  of  the  atmosphere  in  different  places.     The  amount  ^ 
of  air  looked  through  is  proportional  to  the  secant  of  the  zenith 
distance.     Suppose  that  at  a  given  location  we  could  see  a  star 
to  within  30°  of  the  horizon,  as  well  as  we  could  see  one  in  the 
zenith  at  the  sea-level.     Since  the  zenith  distances  in  the  two 
cases  are  60°  and  0°,  and  the  secants  2  and  1,  we  should  infer 
that  the  relative  steadiness  of  the  air  at  these  places  was  as 
two  to  one.    Repeating  the  observation  with  a  number  oLstars, 
xve  should  soon  establish  a  habit  of  observing  which  would 
give  a  much  better  determination  of  the  condition  of  the  air 
than  any  ordinary  estimate.     The  transparency  of  the  air  may 
also  be  well  determined  by  the  eye  alone.     It  is  only  necessary 
to  compare  a  bright  star,  while  rising  or  setting,  with  others 
near  the  zenith  apparently  equal  to  it  in  brightness,  and  note 
the  time  of  such  comparison.     A  watch  and  star-map  are  all 
that  are  needed  for  these  observations.     The  difference  in  the 
absorptions  will  then  equal  the  true  difference  in  brightness  of 
the  stars.     The  reduction  may  be  made  subsequently  by  com- 
puting the   altitude   of  each   star,  and  deducing  the  law  of 
Absorption  by  combining  all  the  observations  made  at  nearly 
the  same  altitude.     These  observations  are  so  easily  made  that 
they  are  recommended  to  any  traveller  in  a  region  where  the 
atmosphere  appears  to  be  particularly  clear. 

So  much  time  will  inevitably  be  occupied  by  the  preliminary 
observations,  that  some  years  must  elapse  before  we  can  expect 
to  find  a  mountain  observatory  in  full  operation.  An  impor- 
tant step  would  be  taken  by  the  Club  if  it  could  lessen  this 
interval  by  aiding  in  the  preliminary  work.  No  mountain  in 
this  vicinity  is  sufficiently  high  to  be  used  for  such  an  observa- 
tory as  is  here  contemplated.    This  objection  would  not,  how- 
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ever,  apply  to  the  preliminary  observations.  Mt.  Washington 
would  not  be  suitable  on  account  of  the  prevalence  of  clouds 
and  the  severity  of  the  winds  and  storms.  The  same  criticism 
may  be  made  to  the  selection  of  Mt.  Lafayette,  Mt.  Adams,  or 
Mt.  Jefferson.  Their  pointed  summits,  and  the  difficulty  and 
expense  of  occupying  these  stations,  also  render  them  unde- 
sirable. Mt.  Moosilauk  on  the  other  hand,  although  less  eleva- 
ted, has  a  large  flat  summit,  wqII  adapted  to  work  of  this  kind. 
It  is  moreover  within  convenient  reach  of  the  railroad,  and  has 
a  carriage  road  to  the  top,  over  which  the  instruments  could 
easily  be  transported.  The  house  on  the  summit  would  afford 
abundant  accommodation  for  observers,  and  has  already  been 
occupied  during  the  winter  by  a  member  of  this  Club. 
Probably  no  point  could  be  found,  having  an  equal  elevation, 
where  the  preliminary  observations  could  be  conducted  at  less 
expense.  Several  boarding-houses  at  the  base  of  the  mountain 
would  furnish  additional  accommodation,  if  needed,  and  greater 
comfort  in  case  of  accident  or  illness.  Should  any  unforeseen 
difficulty  present  itself,  nearly  equal  advantages  would  be 
possessed  by  Mt.  Mansfield,  the  highest  of  the  Green  Moun- 
tains. A  series  of  observations  at  one  of  these  points  would 
clearly  show  the  difficulties  to  be  anticipated  at  a  more  elevated 
station.  For  the  latter  it  is  doubtful  if  we  could  find  a  better 
point  than  Mt.  Whitney,  the  station  selected  by  Professor 
Langley.  The  geographical  location  and  meteorological  con- 
ditions of  this  mountain  are  particularly  favorable.  It  is 
one  of  the  highest  summits  in  the  United  States,  and  is  so 
situated  as  to  l>e  unusually  free  from  haze,  clouds,  and  storms. 
Although  at  present  somewhat  difficult  of  access,  it  is  probable 
that  a  railroad  will  soon  be  constructed  to  within  a  short 
distance  of  its  base. 

In  conclusion,  it  is  still  uncertain  whether  any  important 
advantage  would  be  gained  in  most  astronomical  work  by  a 
great  elevation,  as  compared  with  the  best  possible  location  at 
a  moderate  height.  The  question  should,  however,  be  decided, 
and  it  is  believed  that  by  the  plan  here  proposed  a  sufficient 
test  could  be  obtained  at  small  expense.  In  any  case  valuable 
results  would  be  attained,  even  if  the  observations  in  the 
observatories  on  the  mountain  summit  were  not  much  better 
than  those  at  a  less  altitude. 
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By  Prof.  W.  A.  Rogers,  A.  M.,  F.  R.  M.  S.,  Cambridge,  Mass. 


In  offering  a  communication  upon  the  subject  indicated  by  the 
title  of  this  paper,  I  am  not  unmindful  of  the  fact  that  I  enter  a 
field  in  which  I  acknowledge  a  master.  Since  the  death  of  the  in- 
comparable Nobert,  Mr.  Fasoldt,  of  Albany,  stands  easily  first  in 
the  art  of  fine  ruling.  I  desire  to  repeat  here  the  reply  which  for 
the  past  three  years  I  have  invariably  made  to  inquiries  for  test- 
plates  from  my  own  machine — viz.,  that  with  Mr.  Fasoldt's  special 
facilities  for  this  class  of  work  he  can,  I  have  no  doubt,  produce 
far  better  results  than  it  would  be  possible  for  me  to  obtain  by 
chance  efforts.  I  have  thought  it  better  to  confine  my  attention  to 
another  equally  important  problem — viz.,  an  attempt  to  obtain  cop- 
ies of  the  Imperial  Yard  and  of  the  Metre  des  Archives,  at  the  tem- 
peratures at  which  they  are  standard,  to  subdivide  these  units  into 
aliquot  parts  and  then  to  obtain  a  microscopical  unit  whose  subdi- 
visions should  be  so  nearly  equal  that  the  microscope  would  fail  to 
reveal  the  difference.  The  first  part  of  this  work  has  been  mainly 
completed.  Two  independently-obtained  copies  of  the  Imperial 
Yard  yield  nearly  identical  values  for  the  length  of  this  standard 
unit.  Three  independent  comparisons  with  the  Metre  des  Archives 
agree  within  very  narrow  limits  in  defining  the  absolute  length  of 
the  metric  unit,  both  at  32  and  62  degrees  Fahrenheit.  The  sub- 
division of  these  units  into  aliquot  parts — the  yard  into  inches  and 
the  meter  into  centimeters — has  been  so  far  completed  that  any  er- 
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rors  which  may  remain  will  not  affect  the  microscopical  unit  sought. 
With  regard  to  the  exact  subdivision  of  these  units,  I  can  only 
report  progress. 

Notwithstanding  this  abandonment  of  attempts  to  produce  test 
bands  of  the  Nobert  pattern,  I  have  recently  taken  up  the  subject 
again,  somewhat  with  the  view  of  testing  the  claim  of  Mr.  Fasoldt 
that  he  has  succeeded  in  ruling  lines  one  million  to  the  inch,  and 
especially  by  the  claim  that  the  existence  of  a  spectrum  in  the 
bands  is  an  evidence  of  the  reality  of  the  separate  lines.  The  lat- 
ter claim  does  not  appear  to  be  well  founded.  Aside  from  being  at 
variance  with  theory,  it  can  easily  be  disproved  experimentally. 

Before  proceeding  further  with  this  investigation,  I  beg  to  refer  to 
a  theory  proposed  by  the  writer  in  a  paper  presented  to  the  American 
Academy  of  Arts  and  Sciences,  in  1875,  in  relation  to  the  method  which 
Nobert  may  possibly  have  employed  in  the  production  of  his  test- 
plates.  Briefly  stated,  this  theory  is  that  the  lines  composing  No- 
bert's  bands  are  produced  by  a  single  crystal  of  the  ruling  diamond, 
whose  ruling  qualities  improve  with  use.  In  the  light  of  subsequent 
experience  this  theory  may  be  stated  in  the  following  way:  When  a 
diamond  is  ground  to  a  knife  edge,  this  edge  is  still  made  up  of 
separate  crystals,  though  we  may  not  be  able  to  see  them,  and  a 
perfect  line  is  obtained  only  when  the  ruling  is  done  by  a  single 
crystal.  When  a  good  knife  edge  has  been  obtained  the  prepara- 
tion for  ruling  consists  in  finding  a  good  crystal.  Occasionally  ex- 
cellent ruling  crystals  are  obtained  by  splitting  a  diamond  in  the 
direction  of  one  or  more  of  the  twenty-four  cleavage  planes  which 
are  found  in  a  perfectly-formed  crystal.  A  ruling  point  formed  in 
this  way  is,  however,  very  easily  broken,  and  soon  wears  out.  Ex- 
perience has  shown  that  the  best  results  are  obtained  by  choosing  a 
crystal  having  one  glazed  surface  and  splitting  off  the  opposite  face. 
By  grinding  this  split  face,  a  knife  edge  is  formed  against  the  natu- 
ral face  of  the  diamond  which  will  remain  in  good  condition  for  a 
long  time.  When  a  ruling  crystal  has  been  found  which  will  produce 
moderately  heavy  lines  of  the  finest  quality,  it  is  at  first  generally 
too  sharp  for  ruling  lines  finer  than  20,000  or  30,000  to  the  inch, 
even  with  the  lightest  possible  pressure  upon  the  surface  of  the  glass. 
But  gradually  the  edges  of  this  cutting  crystal  wear  away  by  use 
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until  at  last  this  particular  crystal  takes  the  form  of  a  true  knife 
eclge  which  is  parallel  with  the  line  of  motion  of  the  ruling  slide. 
In  other  words,  when  a  diamond  has  been  so  adjusted  as  to  yield 
lines  of  the  best  character  its  ruling  qualities  improve  with  use.  If 
N~obert  had  any  so-called  "  secret,"  I  believe  this  to  have  been  its 
substance. 

The  problem  of  fine  ruling  consists  of  two  parts — first,  in  tracing 
lines  of  varying  degrees  of  fineness;  and,  second,  in  making  the 
interlinear  spaces  equal.  The  latter  part  of  the  problem  is  purely 
mechanical,  and  presents  no  difficulties  which  can  not  be  overcome 
toy  mechanical  skill. 

It  will  be  the  aim  of  the  present  paper  to  describe  the  more 
marked  characteristics  of  lines  of  good  quality  ruled  upon  glass, 
SLnd  to  illustrate  these  characteristics  by  corresponding  specimens. 
"T*o  one  who  is  familiar  with  Nobert's  bands,  a  perfect  line  need  not 
b>e  described.  It  is  densely  black,  with  at  least  one  edge  sharply 
defined.  Both  edges  are  perfectly  smooth.  Add  to  these  charac- 
teristics a  rich  black  gloss,  and  you  have  a  picture  of  the  coarser 
lines  of  a  perfect  Nobert  plate.  How  are  those  lines  produced? 
In  the  study  of  the  action  of  a  diamond  in  producing  a  breaking 
fracture  in  glass,  the  microscope  seems  to  be  of  little  service,  but  we 
can  call  it  to  our  aid  in  the  study  of  its  action  in  ruling  smooth  lines. 

One  would  naturally  suppose  that  a  line  of  the  best  quality  would 
fc>e  produced  by  the  stoppage  of  the  light  under  which  it  is  viewed 
by  the  opaque  groove  which  is  cut  by  the  ruling  diamond.    Without 
doubt  this  is  the  way  in  which  lines  are  generally  formed.     But  it  is 
r\ot  the  only  way  in  which  they  can  be  produced.     An  examination 
vinder  the  microscope  will  reveal  the  fact  that  in  some  instances,  at 
least,  a  portion  of  the  glass  is  actually  removed  from  the  groove  cut 
by  the  diamond;  and  that  the  minute  particles  of  glass  thus  re- 
moved are  sometimes  laid  up  in  a  windrow  beside  the  real  line,  as  a 
plow  turns  up  a  furrow  of  soil.     On  the  finest  plate  I  have  ever  pro- 
duced every  line  remained  in  perfect  form  for  about  two  months.    I 
then  first  noticed  a  tendency  on  the  part  of  some  of  the  single 
lines  to  disintegrate,  while  the  lines  ruled  in  closer  bands  seemed 
to  retain  their  good  qualities.     This  disintegration  finally  became  so 
marked  that,  as  an  experiment,  I  removed  the  cover  and  cleaned 


one-half  of  the  surface  of  the  glass  by  rubbing  with  chamois  skin. 
The  difference  in  the  appearance  of  the  two  halves  is  now  very 
marked.  Above,  the  dense  black  lines  remain.  Below,  a  ragged 
abrasion  of  the  surface  of  the  glass  has  taken  place.  Above,  the 
furrowed  lines  as  originally  formed  are  preserved;  below,  there  is  a 
coarse  scratch.  It  may  be  said  that  the  action  in  this  case  is  ac- 
cidental and  abnormal.  In  reply  I  can  say  I  have  prepared  plates 
which  show  that  the  particles  of  glass  removed  take  four  character- 
istic forms:  (a)  They  appear  as  chips  scattered  over  the  surface  of 
the  glass,  (b)  They  appear  as  particles  so  minute  that  when  laid 
upon  a  windrow  and  forming  an  apparent  line  they  cannot  be  sepa- 
rated under  the  microscope,  (c)  They  take  the  form  of  filaments 
when  the  glass  is  sufficiently  tough  for  them  to  be  maintained  un- 
broken,    (d)  They  take  a  circular  form. 

I  regret  that  three  of  the  most  striking  specimens  were  broken  in 
mounting.  In  one,  a  perfect  line  about  one  thirty-thousandth  of  an 
inch  in  width  was  formed  with  a  clear  space  between  it  and  the 
groove  cut  by  the  diamond.  There  was  not  a  single  break  in  these 
filaments  from  beginning  to  end,  but  at  nearly  equal  intervals  of 
about  one-hundredth  of  an  inch  half-knots  were  formed  similar  to 
those  formed  in  a  partially-twisted  cord.  By  rubbing  the  surface  at 
one  end,  these  filaments  were  broken  up.  For  the  most  part  they 
assumed  a  semi-circular  form,  but  some  of  them  maintained  their 
thread-like  form  and  became  twisted  together  in  the  most  intricate 
fashion. 

In  the  third  specimen,  which  was  broken  in  mounting,  the  glass 
removed  took  a  spiral  form  like  the  spiral  chips  from  steel  when 
turned  in  a  lathe.  A  projecting  crystal  of  the  diamond  caught 
these  spirals  and  carried  them  unbroken  to  the  end  of  each  line, 
leaving  them  a  tangled  mass  of  threads.  Even  after  they  were  pro- 
tected by  a  cover-glass  cemented  to  the  surface,  many  of  these  spi- 
rals remained  intact.  Judging  by  the  difference  in  focus  of  the 
various  parts,  the  height  of  the  mass,  before  the  plate  was  covered, 
must  have  been  one  five-hundredth  of  an  inch. 

The  same  ruling  crystal  may  produce  smooth  lines  or  either  chips 
or  threads,  according  to  the  motion  of  the  diamond,  as  may  be 
seen  by  examination  of  the  accompanying    rulings.      In    these 


plates  one-half  of  the  lines  of  the  bands  are  ruled  by  a  forward 
motion  and  one-half  by  a  backward  motion  of  the  diamond.  Chips 
may  be  formed  in  ruling  bands  of  very  fine  lines,  as  illustrated  in 
"the  bands  of  lines  twenty-four  thousand  to  the  inch. 

It  must  not,  however,  be  supposed  that  lines  of  the  best  quality 
always  present  the  appearance  described  above.    While  it  is  exceed- 
ingly  rare  that  lines  appear  as  well  after  the  surface  of  the  glass  has 
lz>een  rubbed  as  before,  many  instances  have  occurred  within  my 
experience  in  which  the  difference,  especially  in  fine  lines,  was  not 
particularly  noticeable.     According  to  the  limited  evidence  at  hand, 
t:he  coarser  lines  of  Nobert's  bands  present  some  of  the  characteris- 
tics which  I  have  described.     I  have  restored  two  of  these  plates, 
in  which  the  lines  had  become  nearly  obliterated  by  some  kind  of 
condensation  under  the  cover-glass.     In  one,  the  quality  of  the  lines 
-was  not  much  affected  by  the  operation  of  cleaning,  but  in  the  other 
the  dark  gloss  which  characterizes  the  heavy  lines  of  nearly  all  of 
Nobert's  plates  was  entirely  destroyed.     The  finer  lines,  however, 
were  much  less  affected  than  the  coarse  ones. 

Lines  of  the  character  thus  far  described  are  evidently  unsuited 
to  the  ordinary  works  of  the  microscopist.  It  is  my  experience 
that  lines  which  are  the  most  symmetrical  in  form  and  the  most 
beautiful  in  appearance  are  produced  indirectly  rather  than  by  the 
direct  action  of  the  diamond  in  cutting  a  groove  in  the  glass.  They 
can  be  protected  to  a  certain  extent  by  a  cover-glass,  but  they  are 
liable  to  undergo  changes  which  will  affect  their  original  structure. 
Except  for  purposes  of  investigation,  therefore,  there  is  no  advantage 
to  be  gained  by  ruling  lines  of  this  character. 

Three  conditions  must  be  fulfilled  in  the  production  of  lines  hav- 
ing a  permanently  good  character: 

i.  The  glass  must  be  tough.  There  is  a  marked  difference  in  the 
character  of  the  filaments  produced,  and,  to  a  certain  extent,  of  the 
lines  themselves,  yet  the  conditions  under  which  the  lines  in  the 
series  of  plates  illustrating  this  paper  were  ruled  were  the  same  in 
nearly  all  of  the  plates — i.  e.,  the  same  diamond  was  used;  its  set- 
ting remained  unchanged,  and  there  was  no  change  in  the  pressure 
of  the  diamond  upon  the  surface  of  the  glass.  I  may  add  also, 
that  I  have  in  my  collection  several  other  plates  which  were  ruled 
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especially  to  test  the  question  of  the  requisite  quality  of  the  glass. 
They  all  agree  in  giving  evidence  that  glass  of  a  given  quality  will 
always  yield  lines  of  nearly  the  same  quality — the  ruling  crystal  re- 
maining the  same  and  in  the  same  position. 

2.  The  greatest  difficulty  encountered  in  setting  a  ruling  crystal 
is  to  obtain  one  which  will  rule  lines  of  the  required  quality  which 
will  retain  their  form  after  the  surface  of  the  glass  is  rubbed.  The 
crystal  with  which  nearly  all  the  plates  of  this  series  were  ruled  was 
only  obtained  after  a  search  continued  at  intervals  through  several 
weeks.  Sometimes  a  diamond  which  will  rule  good  light  lines  will 
not  produce  good  heavy  lines,  and  vice  versa.  According  to  my  ex- 
perience it  is  better  to  have  a  special  diamond  for  each  class  of  lines 
desired,  though  the  diamond  with  which  the  present  series  of  plates 
was  ruled  seems  well  adapted  to  every  kind  of  work  required  ex- 
cept, perhaps,  the  production  of  the  finest  bands.  An  examination 
of  plates  illustrates  the  wide  difference  in  the  character  of  lines 
ruled  with  the  same  diamond,  after  the  edges  of  the  ruling  crystal 
have  been  worn  smooth.  In  one  there  are  two  sets  of  lines,  side  by 
side,  in  one  of  which  the  surface  has  been  rubbed,  and  in  the  other 
of  which  the  lines  have  been  left  undisturbed.  The  difference  is 
very  marked.  It  may  be  said  here  that  the. surface  of  a  ruled  plate 
should  always  be  cleaned  by  rubbing  in  the  direction  of  the  lines 
only,  never  at  right  angles  to  the  lines.  It  will  often  happen  after 
sharp  rubbing  that  the  lines  appear  ragged,  when  the  difficulty  is 
that  the  chips  have  not  all  been  removed  from  the  grooves.  Rub- 
bing with  Vienna  lime,  moistened  with  alcohol,  will  usually  com- 
plete the  cleauing  satisfactorily. 

3.  After  a  crystal  has  been  found  which  will  fulfill  the  conditions 
of  producing  a  line  which  will  bear  cleaning  there  still  remains  a 
difficulty  which  will  only  be  revealed  after  the  lapse  of  considerable 
time.  This  is  well  illustrated  in  one  plate,  in  which  the  lines  were 
as  perfect  as  could  be  desired  for  several  days  after  they  were  ruled. 
The  lines  of  the  band  are  now  completely  broken  up.  Evidently 
they  were  under  a  strain,  which  finally  became  so  great  that  re- 
sistance to  rupture  became  impossible.  This,  however,  is  an  ex- 
treme case.  Generally  the  lines  simply  enlarge  at  certain  points. 
Usually  the  termination  of  the  enlargement  occurs  at  irregular  dis- 


tances  along  the  lines,  and  it  is  nearly  always  very  sharply  defined. 
The  most  curious  action  of  this  kind  which  has  ever  come  under 
niy  notice  is  where  the  lines  have  broken  up  into  a  form  something 
1  ike  the  strand  of  a  heavy  rope. 

The  process  of  setting  a  diamond  is  as  follows:  The  holder  has 
the  means  of  adjustment  in  three  planes:  (a)  An  adjustment  in  a 
horizontal  plane;  (b)  an  adjustment  in  a  vertical  plane;  (c)  an  ad- 
j  ustment  in  a  plane  at  right-angles  to  the  ruled  lines.  It  is  my 
practice  to  begin  by  giving  the  knife  edge  of  the  diamond  consider- 
able inclination  to  the  line  of  motion  of  the  ruling  slide.  I  then 
x~ule  a  series  of  single  lines  at  different  known  angles  of  inclination, 
care  being  taken  to  pass  the  line  of  parallelism.  An  examination 
of  the  character  of  the  lines  thus  ruled  will  enable  one  to  deter- 
mine within  narrow  limits  near  which  X>ne  the  knife  edge  is  set  par- 
allel with  the  slide.  After  a  fair  line  has  been  obtained  in  this  way, 
^  sharp  crystal  is  generally  found  by  tilting  the  diamond  in  a  verti- 
cal plane,  though  it  will  often  be  found  necessary  to  make  the  third 
adjustment  mentioned.  Sometimes  the  cutting  crystal  is  lost 
^fter  ruling  a  few  lines,  but  generally  good  results  can  be 
obtained  after  a  constant  service  of  weeks,  and  even  months.  A 
crystal  is  lost  either  by  being  broken  off  or  by  being  worn.out. 
When  a  crystal  has  been  lost  it  need  not  be  concluded  that  the  dia- 
mond needs  sharpening.  It  is  only  necessary  to  find  a  new  crystal, 
«in  operation  requiring  patience  rather  than  skill. 

It  should  be  stated  that  while  this  theory  of  individual-cutting 
crystals  seems  to  be  the  true  one,  I  have  never  been  able  to  detect 
them  by  an  examination  with  the  microscope.  It  is  only  by  their 
behavior  that  their  existence  can  be  recognized. 

One  of  the  most  severe  tests  of  the  ruling  qualities  of  a  crystal 
consists  in  producing,  without  fracture,  heavy  lines  which  cross  each 
other  at  a  small  angle  of  inclination  and  which  will  receive  graphite 
without  interruption  of  continuity  at  the  intersection.  Lines  ruled 
at  right-angles  and  forming  small  squares  afford  a  better  test  than 
parallel  lines.  In  one  plate  presented  the  curved  lines  formed  by 
the  intersection  of  straight  lines  are  nearly  perfect  in  form,  and 
they  hold  the  graphite  quite  as  well  as  the  original  lines.  In  another 
plate   I    have   attempted  the   representation   of  the   nucleus  of  a 
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comet.  The  filling  is  not  quite  as  perfect  as  in  the  other  plate,  but 
this  is  due  to  the  quality  of  the  glass.  Attention  is  called  to  the 
granular  structure  under  a  moderately  high  power.  I  have  found 
rulings  of  this  form  to  be  an  excellent  test  of  the  quality  of  the 
glass  required  for  receiving  the  best  lines.  In  general,  the  first 
filling  of  the  lines  is  the  most  perfect.  One  plate  affords  an  illus- 
tration, exceedingly  rare,  of  lines  which  receive  the  lines  equally 
well  after  repeated  fillings.  Lines  as  fine  as  fifty  thousand  to  the 
inch  very  readily  receive  the  graphite.  The  limit  beyond  which 
it  seems  impossible  to  go  may  be  placed  at  about  one  hundred 
thousand  to  the  inch. 

A  few  words  may  properly  be  added  here  with  regard  to  the  pro- 
tection of  ruled  lines.  When  lines  are  formed  by  a  true  groove  in 
the  glass,  it  is  better  that  they  should  remain  unprotected.  But 
when  the  lines  are  formed  in  the  manner  illustrated  by  the  plates  of 
this  series,  the  quality  of  the  lines  in  the  end  is  pretty  sure  to  dete- 
riorate whenever  there  is  an  actual  contact  of  the  cover-glass  with 
the  slide.  I  have  made  serious  efforts  to  overcome  this  difficulty, 
but  with  only  partial  success.  Slides  mounted  with  gutta-percha 
rings  generally  remain  in  good  condition  for  a  long  time,  especially 
if,  after  expelling  the  air  as  far  as  possible  by  heat,  a  ring  of  white 
wax  cements  the  rim  of  the  cover-glass  to  the  slide.  But  even  with 
this  precaution  there  is  no  certainty  of  final  preservation.  If  it 
should  be  found  that  the  brass  slides  of  this  series  are  convenient  in 
manipulation,  their  adoption  can  be  recommended,  since  they  en- 
tirely obviate  this  difficulty.  They  are  made  in  the  following  way: 
A  hole  having  been  made  in  the  center,  a  flange  is  left  one  two- 
hundredths  of  an  inch  in  thickness.  The  cover-glass .  is  then  ce- 
mented to  the  surface  of  the  brass,  and  the  rulings  are  made  on  the 
under  side.  The  protection  is  made  by  dropping  upon  the  ledge  of 
brass  a  rather  thick  circle  of  cover-glass,  which  is  held  in  position 
by  a  circular  brass  wire. 

After  this  digression,  I  return  to  the  consideration  of  the  credi- 
bility of  Mr.  Fasoldt's  claim  that  he  has  succeeded  in  ruling  lines 
one  million  to  the  inch.  At  this  point  it  is  only  fair  to  say  that  until 
recently  I  have  shared  in  the  general  incredulity  with  which  Mr. 
Fasoldt's  claim  has  been  regarded.     Indeed,  I  still  think  he  has 
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laced  the  limit  just  a  trifle  too  high.     But  if  the  limit  is  reduced 
me-half,  I  am  by  no  means  sure  but  that  it  may  be  reached.     Pos- 
ibly  it  may  have  been  already  reached. 

But  what  evidence  have  we  that  it  is  possible  to  see  single  lines 
f  this  degree  of  fineness,  granting  that  it  is  possible  to  produce 
liem  ?  The  answer  to  this  question  involves  another  inquiry — viz., 
as  the  microscope  reached  its  highest  visual  possibilities  ?  Here 
gain  it  is  necessary  to  draw  a  sharp  distinction  between  visibility 
nd  resolution.  In  the  matter  of  limit  of  resolution  it  must  be  ad- 
itted  that  little  or  no  progress  has  been  made  since  the  resolution 
f  Nobert's  nineteenth  band.  The  distinguishing  feature  of  No- 
's lines  is  a  certain  boldness  which  enables  them  to  be  photo- 
raphed,  and  it  is  to  photography,  supplemented  by  the  statement 
f  the  maker,  that  we  owe  the  certainty  of  the  resolution  of  the 
ineteenth  band.  But  all  attempts  to  go  beyond  this  band,  even 
ith  Nobert's  later  plates,  have  proved  failures.  I  cannot  learn 
that  anyone  has  yet  succeeded  in  photographing  a  Fasoldt  plate  as 
l~iigh  as  100,000  to  the  inch.  Certainly  various  attempts  which  have 
een  made  with  bands  of  my  own  ruling  higher  than  about  70,000 
ve  not  been  successful.  There  are  several  Nobert  plates  of  the 
new  pattern  in  this  country.  They  run  as  high  as  240,000  lines  to 
the  inch,  but  who  has  gone  beyond  the  number  of  lines  in  the  nine- 
teenth band  ?  With  great  respect  for  the  honest  belief  of  several 
xnicroscopists  who  claim  to  have  resolved  Fasoldt's  bands  as  high  as 
252,000  to  the  inch,  I  must  yet  hold  to  the  opinion  that  in  no  case 
lias  the  resolution  been  proved  by  a  test  which  will  be  generally  ac- 
cepted by  microscopists.  There  is  one  test,  and  only  one,  which  is 
absolutely  decisive — viz.,  the  one  originally  proposed  by  Nobert,  that 
of  ruling  a  definite  number  of  lines  in  a  band  of  given  fineness, 
and  keeping  the  number  secret  until  the  microscopist  could  give  the 
correct  count,  not  merely  in  one  instance  but  in  several.  Even  here 
we  must  depend  upon  the  honesty  of  the  maker  in  revealing  the 
correct  count.  Has  the  correct  count  been  made  in  any  Fasoldt 
plate  as  high  as  100,000  to  the  inch  ?  I  think  not.  Has  it  been 
done  with  any  band  of  my  own  ruling  of  the  same  degree  of  fine- 
ness ?  No.  Let  us  marshal  the  evidence,  pro  and  con,  offered  by 
experience. 
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Mr.  Fasoldt's  finest  bands  present  a  perfectly  smooth  and  uni- 
form surface.  They  have  well-defined  limits  and  the  width  of  the 
bands  is  what  it  should  be  by  the  number  of  lines  claimed  to  be 
ruled,  (b)  According  to  present  experience  single  lines  can  be 
ruled  several  degrees  finer  than  I  have  been  able  to  detect  under 
the  microscope.  About  four  years  since  I  sent  to  Professor  J.  Ed- 
wards Smith  a  ruled  plate  with  a  statement  of  the  number  of  bands, 
accompanied  with  a  description  of  the  same.  Soon  after,  I  re- 
ceived a  letter  from  Professor  Smith  saying  there  must  be  some 
mistake  in  the  description,  as  he  was  unable  to  find  two  of  the  bands. 
I  replied  that  the  bands  were  certainly  ruled,  and  that  I  thought  I 
could  convince  him  of  that  fact.  I  therefore  requested  him  to  re- 
examine the  plate  with  the  greatest  care,  and  if  he  was  still  unable 
to  find  the  bands  to  return  the  plate  to  me.  After  a  vain  endeavor 
to  discover  them  the  plate  was  sent  to  me.  I  removed  the  cover, 
filled  the  lines  with  graphite,  remounted  the  slide,  and  returned  it 
to  Professor  Smith.  Not  only  had  the  invisible  bands  become  visi- 
ble, but  the- separate  lines,  with  an  interlinear  space  of  1-80,000  of 
an  inch,  were  easily  seen.  Now,  when  Professor  J.  Edwards  Smith, 
an  acknowledged  expert  in  the  manipulation  of  the  microscope,  is 
unable  to  find  lines  which  are  really  in  the  center  of  the  field  of  the 
microscope,  I  suspect  that  other  observers  may  find  a  similar  diffi- 
culty. Among  the  plates  presented  is  one  series  which  were  ruled 
to  illustrate  the  possibility  of  producing  lines  which  really  exist,  but 
which  are  invisible  under  the  microscope.  On  one  plate  there  are 
two  sets  of  lines,  one  set  on  the  slide  and  tjie  other  on  the  under 
side  of  the  cover.  Between  the  bands,  10,000  and  24,000  to  the 
inch,  the  entire  intervening  space  is  filled  with  a  continuous  series 
of  bands,  24,000  to  the  inch.  I  have  not  been  able  to  see  the  lines 
of  the  last  band.  In  another  plate  there  are  a  series  of  bands  cqn- 
taining  twenty-one  lines  each,  the  entire  linear  space  being  1-2,000 
of  an  inch.  The  first  eleven  lines  are  ruled  with  a  forward  motion 
of  the  diamond,  and  the  second  ten  lines  are  ruled  with  a  backward 
motion.  The  last  two  bands  are  preceded  by  heavy  finding  lines. 
Each  of  the  last  three  bands  are  followed  by  bands  24,000  to  the 
inch.  I  think  it  will  be  found  difficult  to  see  the  lines  of  the  last 
two  bands  under  any  illumination  at  present  in  use,  and  yet  I  am 
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-confident  that  the  lines  exist     I  found  my  belief  upon  two  bits  of 
«Tidence:    First,  the  pressure  of  the  diamond  upon  the  glass  was 
sufficient  to  produce  the  lines.     With  considerable  less  pressure 
Cliere  would  still  have  been  a  constant  contact  between  the  diamond 
a.nd  the  glass.     Second,  I  saw  them  ruled  through  the  sense  of  hear- 
I  Tig.     When  a  diamond  does  its  very  best  work  it  produces  a  sharp, 
singing  tone,  which  is  audible  at  a  distance  as  great  as  twelve  inches, 
his  singing  tone  I  distinctly  heard  for  every  line  ruled.     It  is  even 
ore  marked  in  ruling  the  finest  lines  than  in  coarse  ones.     I  have 
singing  diamonds,  or  rather  two  diamonds  with  singing  crystals, 
nd  these  two  are  the  ones  with  which  I  have  done  my  best  work. 
The  argument  against  the  visibility  of  single-ruled  lines  which 
not  be  seen  with  the  present  means  at  command,  even  if  within 
lie  limits  of  possibility,  considered  in  a  physiological  sense,  is  in 
ne  respect  a  sufficient  answer  to  the  evidence  offered  in  favor  of 
their  existence.     This  evidence,  while  not  exactly  negative  in  its 
character,  is  yet  not  sufficiently  conclusive  to  be  regarded  as  coming 
bander  the  head  of  proof  through  the  medium  by  which  the  exist- 
ence of  any  fact  is  attested — viz.,  the  medium  of  some  one  of  the 
senses.     But  may  it  not  be  true  that  we  have  not  yet  reached  the 
fulfillment  of  the  conditions  necessary  to  visibility?     It  certainly 
cannot  yet  be  safely  asserted  that  it  is  impossible  to  see  a  material 
particle  which  has,  in  one  direction,  a  magnitude  not  exceeding 
:* -500,000  of  an  inch.     Photography  offers  the  evidence,  somewhat 
negative  in  its  character,  that  the  limit  of  visibility  is  reached  with 
lines  having  a  width  of  about  1-200,000  of  an  inch.     Lines  of  this 
^ridth  are  the  finest  that  have  ever  been  photographed.     But  the 
most  conclusive  evidence  against  the  certainty  of  being  able  to  pro- 
dace  lines  as  fine  as  500,000  to  the  inch  consists  in  the  fact,  repeat- 
edly proven  in  my  own  experience,  that  lines  which  appear  to  be 
excessively  fine  often  have  a  real  width  two  or  three  times  as  great 
^as  they  appear  to  have,  as  has  been  proved  conclusively  by  filling  the 
lines  with  graphite,  which  brings  out  the  real  limit.     This  phenom- 
enon will  come  out  again  in  connection  with  the  subject  of  resolution. 
I  have  already  stated  my  belief  that  the  limit  of  resolution  has 
keen  so  nearly  reached  that,  though  it  is  quite  possible  under  a 
"Combination  of  favorable  circumstances  to  obtain  a  resolution  a  lit- 
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tie  beyond  113,000  to  the  inch,  the  uncertainty  which  must  always 
attend  observations  of  this  character  is  so  great  that  the  certainty 
of  resolution  can  not  be  safely  asserted.  In  consideration  of  this 
uncertainty  and  of  the  fact  that  so  little  progress  has  been  made  10 
resolution  compared  with  the  recent  advance  in  the  construction  of 
objectives,  I  beg  to  propose  as  a  test  the  visibility  of  single-ruled 
lines  in  place  of  the  resolution  of  these  lines  in  close  combination. 
Instead  of  bands  of  lines  of  the  Nobert  pattern,  I  propose  a  series 
of  bands,  each  having  the  same  interlinear  unit,  but  with  the  lines 
of  each  successive  band  finer  than  those  of  the  preceding  band. 
The  space  between  the  lines  should  not  be  so  great  as  to  interfere 
with  their  easy  detection,  nor  so  small  as  to  require  any  effort  in 
resolution.  One  mikron  is  a  convenient  unit.  A  heavy  line  should 
precede  the  band  in  order  to  facilitate  finding  it. 

According  to  my  own  experience  there  are  four  facts  which  must 
always  throw  grave  doubt  upon  any  reported  case  of  difficult  reso- 
lution: 

1.  It  is  well  known  that  by  the  manipulation  of  the  light,  every 
other  condition  remaining  the  same,  it  is  possible  to  vary  the  appa- 
rent number  of  lines  in  a  given  band  of  coarse  rulings.  Can  any- 
one offer  a  reason  why  there  should  not  be  the  same  difference  with 
bands  of  fine  lines  closely  ruled  ? 

2.  I  have  many  times  ruled  bands  of  lines  with  the  interlinear 
spaces  distinctly  marked,  but  in  which  each  line  was  in  reality  con- 
siderably wider  than  the  space  between  the  lines,  as  I  have  proved 
by  extending  single  lines  beyond  the  others  and  filling  them  with 
graphite.  The  only  explanation  of  this  singular  fact  which  I  can 
suggest  is  that  the  diamond  may  possibly  cut  square  down  at  one 
edge  of  the  line  and  for  the  remainder  of  the  line  produce  only  an 
abrasion  of  the  surface  of  the  glass,  which  is  so  slight  as  not  to  in- 
terfere with  throwing  up  a  furrow  upon  the  remaining  portion. 

3.  Lines  of  a  given  depth  appear  finer  when  closely  ruled  in 
bands  than  they  do  in  single  lines. 

4.  I  add  another  observation  with  some  hesitation,  since  I  have 
not  been  able  to  prove  its  truth  beyond  peradventure.  I  have  often, 
but  not  always,  found  that  when  single  lines,  apparently  invisible, 
are  placed  in  close  combination  in  bands,  they  not  only  form  a 
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visible  band,  but  a  band  capable  of  apparent  resolution  into  sepa- 
rate lines.     Can  anyone  offer  a  reason  why  we  can  see  in  combina- 
tion what  we  can  not  see  as  separate  parts  ?  Of  course  I  shall  be  at 
once  reminded  by  the  astronomer  that  it  is  much  easier  to  pick  up  a 
duster  than  to  see  scattered  stars  of  the  same  magnitude.     But 
^vrhen  it  is  once  found,  the  separate  stars  composing  it  are  no  more 
easily  seen  than  stars  of  the  same  magnitude  more  widely  scattered. 
3  offer  this  observation  in  a  tentative  way,  since  it  has,  if  true,  an 
important  bearing  upon  the  question  of  the  ultimate  limit  of  resolu- 
tion.    Among  the  accompanying  plates  is  one  that  illustrates  the 
statement  here  made.      This  plate  consists  of  a  series  of  bands, 
32,000  to  24,000  to  the  inch,  each  preceded  by  a   heavy  finding 
line.    The  lines  of  each  successive  band  are  finer  than  the  preceding. 
"The  last  two  bands  were  ruled    with   the  same   pressure   of  the 
diamond  as  the  fourth  band  preceding.    The  intervals  at  which  they 
'were  ruled  are  1-80,000  and  1-200,000  of  an  inch.     I  do  not  by  any 
means  vouch  for  the  existence  of  the  separate  lines,  yet  the  bands 
are  smooth,  and  there  is  a  distinct  difference  in  the  appearance  of 
the  two  halves  of  the  80,000  band,  the  first  having  been  ruled  with 
a  forward  and,  the  second  with  a  backward  motion  of  the  diamond. 
The  corresponding  single  lines  of  the  fourth  band  preceding  are 
wholly  invisible.     This  plate  seems  to  show  that  the  visibility  of  the 
lines  in  bands  depends  somewhat  on  the  narrowness  of  the  interval 
between  the  lines,  since  the  lines  of  the  same  degree   of  fineness 
with  an  interval  of  1-24,000  of  an  inch  can  not  be  seen. 

It  is  obvious  that  this  whole  question  of  resolution  needs  the  most 
careful  consideration  and  investigation,  since  it  bears  an  intimate 
relation  to  the  limit  of  visibility  of  single  particles  of  matter.  Mr. 
Hitchcock,  in  a  recent  number  of  his  Journal,  has  made  the  claim 
that  resolution  has  to  a  certain  extent  ceased  to  be  a  test  of 
the  quality  of  an  objective.  I  suspect  that  this  claim  will  be 
found  to  have  some  foundation  in  fact.  For  the  last  ten  years  we 
have  only  the  assertion  of  resolution,  without  doubt  honestly  made, 
but  yet  unaccompanied  with  the  proof.  It  is  time  that  the  proof 
should  accompany  the  assertion.  I  insist  that  simple  vision  does 
not  afford  the  required  proof. 

Now  we  must  face  this  question  as  honest  inquirers  after  truth. 
There  is  a  limit  which  theory  places  to  resolution  with  objectives 
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of  given  resolving  power,  not  to  visibility,  as  has  been  frequently 
stated.  Before  we  can  safely  assert  that  observation  has  gone  be- 
yond theory,  we  must  be  prepared  to  offer  evidence  which  can  be 
placed  upon  record,  can  be  discussed  deliberately,  can  be  weighed 
impartially  in  the  balance  with  counter  evidence,  and  can  still  stand 
unimpeached.  Do  you  say  that  is  hardly  worth  the  trouble  ?  I  re- 
ply that  the  issue  here  raised  comes  to  the  surface  in  one  form  or 
another  at  almost  every  point  in  physiological  and  pathological  in- 
vestigations. It  will  do  no  harm  to  recall  the  number  of  times  it 
has  at  this  meeting  stood  as  a  sentinel  at  the  entrance  to  the  temple 
whose  mysteries  we  are  seeking  to  explore.  Has  not  the  question 
so  tersely  put  by  Dr.  Gleason  at  the  Elmira  meeting  of  this  Society: 
"  Do  we  see  what  we  see,  or  don't  we  see  what  we  see,  or  do  we  see 
what  we  don't  see  ?"  been  the  stopping-place  of  more  than  one  im- 
portant issue  raised  at  this  meeting  ?  I  hope  I  do  not  need  to  say 
that  I  have  no  personal  ends  to  serve  in  an  inquiry  in  which  I 
happen  to  be  a  personal  factor.  Let  us  then  have  a  test  which  will 
forever  set  at  rest  this  vexed  question  of  resolution.  I  submit  for 
your  consideration  the  following  outline  of  a  test  which  I  venture 
to  think  will  be  sufficient  and  conclusive:  Let  Mr.  Fasoldt  rule 
three  plates  under  as  nearly  the  same  conditions  as  possible,  except 
in  the  number  of  lines  in  the  different  bands  of  each  plate.  Let 
him  label  each  plate  and  accompany  it  with  a  full  description  of  the 
number  of  lines  in  each  band.  Let  these  plates  be  sent  to  any 
gentleman  in  whom  the  great  body  of  microscopists  have  confidence 
as  eminently  qualified  to  conduct  an  investigation  of  this  sort,  such 
as  Prof.  H.  L.  Smith  of  Geneva  or  Col.  J.  J.  Woodward  of  Wash- 
ington. Let  whoever  receives  the  plates  remove  the  labels  of  Mr. 
Fasoldt  and  put  in  their  place  labels  whose  signification  is  known 
only  to  himself.  Then  let  the  gentlemen  who  think  they  have  re- 
solved 152,000  lines  to  the  inch  take  the  plates,  make  their  count  of 
the  lines  in  each  band,  and  send  in  their  report.  Let  the  plates  also 
be  photographed,  and  let  the  number  of  lines  be  counted;  then  let 
the  results  of  these  investigations  be  published.  If  all  substantially 
agree  in  the  count,  this  will  end  further  discussion. 

The  limit  of  visibility  of  a  single  particle  of  matter  under  the  micro- 
scope bears  an  intimate  relation  to  the  limit  of  naked-eye  visibility. 
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My  attention  was  first  called  to  the  smallness  of  this  limit  by  an 
accidental  circumstance.  I  had  ruled  a  micrometer  upon  a  thin 
cover-glass,  consisting,  as  I  supposed,  of  moderately  coarse  lines. 
After  several  vain  attempts  to  discover  traces  of  the  lines  ruled,  I 
chanced  while  holding  the  glass  at  a  certain  angle  with  respect  to 
the  source  of  light  to  breathe  upon  it.  At  the  instant  the  Aim  of 
moisture  was  passing  off,  I  was  surprised  to  be  able  to  see  all  the 
lines  which  were  ruled,  one  hundred  to  the  inch,  with  the  greatest 
distinctness.  I  then  carefully  filled  the  lines  with  graphite,  when 
they  were,  after  the  closest  inspection,  found  to  be  as  fine  as  any  I 
have  ever  ruled.  According  to  the  nearest  measurement  I  could 
make,  their  width  was  about  one-sixth  of  a  mikron.  Repeated  ob- 
servations gave  in  every  case  satisfactory  evidence  of  visibility.  In 
order  to  ascertain  what  effect  the  thickness  of  the  glass  might  have 
upon  the  visibility,  the  cover-glass  was  lightly  cemented  to  a  glass 
slide  with  gutta-percha,  when  it  was  found  that  the  lines  were  by  no 
means  as  distinctly  visible  as  before.  The  cover  was  then  removed, 
when  the  original  observation  was  easily  confirmed.  The  lines  of 
this  plate  were  readily  seen  by  Prof.  Pickering  and  by  several  assist- 
ants connected  with  the  observatory.  Unfortunately  the  glass  was 
broken  in  an  attempt  to  mount  it  upon  a  brass  slide. 

While  it  is  a  simple  matter  to  rule  lines  which  are  easily  visible 
by  the  unaided  eye,  especially  in  sunlight,  having  a  width  not  ex- 
ceeding one-fifty  thousandth  of  an  inch,  I  have  never  since  suc- 
ceeded in  obtaining  a  plate  quite  as  good  as  the  one  described. 
Clearly  the  ruling  crystal  has  been  broken  off  before  this  particular 
plate  was  ruled,  and,  as  often  happens,  a  minute  and  delicate  crystal 
remained,  which  produced  the  lines  which  were  really  traced.  In 
the  course  of  subsequent  experiments  I  found  that  while  the  vis- 
ibility was  increased  by  the  Aim  of  moisture,  exceedingly  fine  lines 
could  be  seen  without  this  aid  to  vision  when  the  proper  angles  of 
inclination  to  the  source  of  light  are  obtained.  To  get  the  best  re- 
sults the  ruled  surface  should  have  an  angle  of  about  15  degrees 
with  the  source  of  light  and  the  lines  themselves  should  have  nearly 
the  same  angle  of  inclination.  Everything  depends  upon  getting 
the  exact  angles  of  inclination  required.  More  striking  results  are 
obtained  by  sunlight  than   by  artificial   light.      Highly   polished 
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metals,  especially  tempered  steel  and  iridium,  yielded  better  results 
than  glass.  I  will  not  undertake  to  say  how  fine  lines  traced  upon 
metal  can  be  seen,  but  I  suspect  that  the  limit  of  naked-eye  vis- 
ibility is  far  beyond  the  capacity  of  ruling.  I  have  a  plate  of  highly 
polished  and  nearly  pure  iridium  upon  which  there  are  traced  a 
series  of  lines  which  are  discernible  by  the  eye  in  sunlight,  but  which 
I  have  never  yet  been  able  to  see  under  the  microscope  by  direct 
light.  Yet  these  lines  are  easily  seen  with  a  low  power  objective 
under  certain  conditions. 

I  do  not  propose  to  offer  any  theory  to  account  for  the  facts 
which  I  have  observed,  not  even  the  one  which  would  naturally  be 
the  one  first  suggested, — viz.,  that  of  visibility  by  reflection.  I  ad- 
mit that  the  apparent  width  of  the  lines  would  be  increased  if  the 
real  and  reflected  lines  could  be  seen  side  by  side.  It  can  be 
easily  shown  that  the  lines  in  one  of  the  accompanying  plates  are 
visible  under  conditions  in  which  it  is  impossible  for  reflection  to 
take  place.  For  the  present  I  content  myself  with  stating  the  facts 
of  observation  illustrated  by  the  ruled  plates  by  which  these  obser- 
vations can  be  repeated. 

I  close  this  paper  with  the  suggestion  that  the  increase  in  the 
efficiency  of  the  microscope  will  probably  come  from  the  better 
manipulation  of  the  light  under  which  an  object  is  viewed.  At  pres- 
ent the  unaided  eye  is  a  not  very  unequal  competitor  of  the  micro- 
scope in  the  matter  of  simple  vision.  In  fact,  there  are  certain 
phenomena  connectd  with  this  question  which  can  be  better  studied 
by  the  unaided  eye  than  under  the  microscope.  I  believe  it  to  be 
possible  to  see  under  the  action  of  sunlight  what  can  not  be  seen 
under  any  objective.  There  has  been  produced  upon  my  ruling- 
machine,  upon  a  polished  surface  of  tempered  steel,  a  band  of  ten 
thousand  lines,  covering  a  space  of  four  inches.  I  have  tested  the 
equality  of  the  spacing  for  aliquot  parts  of  a  revolution  of  the  screw 
in  every  possible  way  by  direct  measurement.  Other  observers  have 
done  the  same  thing.  I  can  hardly  be  wrong  in  the  assertion  that 
the  spaces  indicated  by  even  tenths  of  a  revolution  are  exactly  equal 
as  far  as  any  tests  of  direct  measurement  can  be  applied.  Yet.  by 
holding  this  bar  in  a  certain  position  with  respect  to  the  source  of 
light,  the  limits  of  each  revolution  of  the  screw  can  be  distinctly 
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seen.  These  waves  of  light  and  shade  indicate  an  error  which  can 
be  seen  by  the  unaided  eye,  but  which  can  not  be  measured  with 
certainty. 

Finally,  if  the  visibility  of  ruled  lines  is  so  erroneously  increased 
by  the  position  which  they  occupy  with  respect  to  the  source  of 
light,  why  may  not  the  visibility  under  the  microscope  be  increased 
in  nearly  the  same  proportion  by  some  mechanical  device  which 
shall  enable  the  observer  to  find  exactly  the  proper  angle  of  inclina- 
tion at  which  the  light  should  be  thrown  upon  the  object  in  order 
to  secure  the  best  possible  results  ? 


-> 
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9Jlictom<^et  Scaie  ffl,  1882. 


The  following  history  of  the  National  Committee  on  Micrometry, 
the  report  of  that  Committee  at  the  Chicago  meeting,  the  report  of 
of  Prof.  Rogers  on  the  standard  Micrometer  Scale  A,  1882,  and  the 
rules  for  the  custody  and  use  of  the  bar  are  brought  together  here  in 
order  that  the  value  of  the  Micrometer  may  be  better  appreciated 
and  its  use  more  generally  understood. 

HISTORY  OF  THE  NATIONAL  COMMITTEE  ON 

MICROMETRY. 

At  its  session  in  Indianapolis,  in  August,  1878,  the  American 
Society  of  Microscopists  adopted  a  resolution  referring  to  the  various 
microscopical  societies  certain  questions  pertaining  to  micrometry. 
It  soon  became  evident  that  satisfactory  progress  toward  a  general 
agreement  could  not  be  reached  without  securing  concerted  action 
by  the  appointment  of  a  committee  representing  the  views  of  various 
societies.  In  accordance  with  many  requests,  the  undersigned 
being  then  president  of  the  American  Society  Microscopists  and  also 
president  of  the  Troy  Scientific  Association,  one  of  the  oldest 
of  the  societies  interested,  brought  the  matter  before  the  Troy 
society,  which  thereupon  addressed  a  communication  to  all  the 
microscopical  societies  in  the  country  inviting  their  co-operation  in 
the  appointment  of  a  national  committee  on  micrometry.  Nearly 
all  the  active  societies,  as  well  as  many  distinguished  specialists  in 
this  branch  of  science,  returned  a  prompt  reply,  approving  the 
project  and  furnishing  valuable  hints  and  advice  as  to  its  execution. 
Many  of  the  societies  nominated  members  to  represent  them  upon 
the  committee,  which  ultimately  became  organized  as  follows : 

Prof.  Wm.  Ashburner,  San  Francisco  Microscopical  Society; 
Prof.  F.  A.  P.  Barnard,  L.  L.  D.,  Chairman,  American  Metrological 
Society;    Lester    Curtis,   M.   D.,   State    Microscopical   Society  of 
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Illinois;  Geo.  E.  Fell,  M.  D.,  Buffalo  Microscopical  Club;  Henry 
Jameson, M.  D.,  Indiana  Microscopical  Society;  Prof.  S.  A.  Lattimore, 
Rochester  Academy  of  Sciences;  Rev.Samuel  Lockwood,  State  Micro- 
scopical Society  of  New  Jersey;  Prof.  Ed.  W.  Morley,  Microscopical 
sub-section  American  Association  Advancement  of  Science;  Joseph 
G.Richardson,  M.D.,  American  Postal  Microscopical  Club;  Prof.Wm. 
A.  Rogers,  American  Society  of  Microscopists;  Prof.  Stephen  P. 
Sharpless,  Boston  Microscopical  Society;  Prof.  H.  L.  Smith,  Hobart 
College,  Geneva,  N.  Y.;  Prof.  A.  H.  Tuttle,  Microscopical  Section 
Tyndall  Association,  Columbus,  O.;  C.  M.  Vorce,  Cleveland  Micro- 
scopical Society;  R.  H.  Ward,  M.  D.,  Secretary,  Troy  Scientific 
Association;  J.  J.  Wood  word,  M.  D.,  U.  S.  A.  Medical  Museum, 
Washington,  D.  C. 

Finding  nearly  all  the  societies  to  be  in  favor  of  adopting  the 
micron  (p=T&nf  mn^)  for  our  unit  in  Micrometry,  thenfta  millimeter 
being  more  convenient  than  the  xta  as  well  as  more  in  accordance 
with  usage  abroad,  this  unit  was  adopted,  and  a  communication  was 
tendered  to  the  Buffalo  meeting  of  the  American  Society  of  Micro- 
scopists, proposing  the  withdrawal  of  its  recommendation  of  t4tf  mm* 
as  a  micrometric  unit.  This  report  was  accepted,  its  proposal 
adopted,  and  the  subject  referred  back  to  the  the  committee  with 
instructions  to  report  further  at  the  next  annual  meeting.  This 
Society  subsequently  nominated  a  member  as  its  special  representa- 
tive on  the  committee. 

The  other  branch  of  the  committee  work,  the  selection  or  prepar- 
ation of  a  standard  micrometer,  presented  greater  difficulties  and 
caused  greater  delays.  After  much  conference  and  correspondence, 
it  was  decided  to  procure,  from  a  source  capable  of  giving  it  originally 
an  official  character,  a  new  scale  as  nearly  indistructable  as  possible 
and  of  carefully  determined  value.  The  U.  S.  Bureau  of  Weights 
and  Measures,  through  the  kindness  of  Prof.  J.  E.  Hilgard,  under- 
took to  prepare  and  authenticate  such  a  standard,  and,  after  delays 
unavoidable  in  such  work,  a  scale  excellently  ruled  on  a  platin- 
iridium  bar  and  verified  with  great  care  by  Prof.  C.  S.  Pierce  was 
placed  at  the  disposal  of  the  committee  in  August,  1882.  A  sub- 
committee on  testing  this  micrometer  was  appointed,  on  whose 
behalf   Prof.  W.  A.  Rogers  subjected  the   plate  to  a  prolonged 
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and  elaborate  study  which  was  not  completed  until  August,  1883.  It 
then  seemed  inexpedient  to  incur  the  great  further  delay  of  a  repeti- 
tion of  the  measurements  by  each  member  of  the  sub-committee, 
since  the  plate,  being  known  to  be  as  accurately  prepared  as  could 
be  hoped  for  at  the  present  time,  and  being  offered  with  the  official 
sanction  of  the  U.  S.  Bureau  of  Weights  and  Measures,  was  all  that 
could  be  asked  under  the  circumstances,  and  since  discussions  as  to 
the  ratio  of  its  spacings  might  be  completed,  if  capable  of  ever  being 
completed  beyond  the  possibility  of  further  question,  as  well  after  its 
adoption  as  before.  The  committee  therefore  accepted  the  plate 
and  unanimously  tendered  it  to  the  American  Society  of  Microscopists. 

R.  H.  WARD, 

Secretary  of  the  National  Committee  on  Micrometry, 


cJtepo^t  of  thz   SJlaJioncvC  Committee  ow  Stticfcometti^. 


Dr.  Lester  Curtis,  Secretary  pro  Urn.,  for  the  National  Committee 
on  Micrometry,  presented  the  following  report: 

The  National  Committee  on  Micrometry  would  respectfully  submit 
the  following  report  to  the  American  Society  of  Microscopists: 

We  would  recommend  the  adoption  as  a  standard  by  the  Society 
of  the  bar  placed  in  our  possession  by  Dr.  R.  H.  Ward,  Secretary  of 
the  committee,  and  adopt  without  change  the  accompanying  report 
of  Prof.  Hilgard,  Superintendent  of  the  United  States  Coast  Survey, 
and  Director  of  the  Bureau  of  Weights  and  Measures,  in  accordance 
with  the  following  motion  prepared  by  Dr.  Ward: 

Resolved,  That  the  bar  prepared  by  the  United  States  Bureau  of  Weights  and 
Measures  as  a  standard  for  micrometry  be  accepted,  and  that  a  sub-committee  of 
three  be  appointed  to  secure  copies  on  glass  for  such  societies  as  may  desire  them. 

Resolved,  That  the  following  report  be  tendered  to  the  American  Society  of  Mi- 
croscopists: The  national  committee  on  micrometry  having  received  from  the 
United  States  Bureau  of  Weights  and  Measures  an  excellently  ruled  bar  designed  and 
tendered  by  the  Bureau  as  a  standard  for  micrometry,  and  believing  that  such  a 
standard  should  be  subject  to  the  approval  and  sanction  of  the  Society,  hereby  tend- 
ers the  standard  to  the  Society  with  the  recommendation  that  it  be  accepted  and 
adopted  as  a  basis  for  future  studies  and  discussions  in  micrometry. 

PROF.  HILGARD'S  REPORT. 

Centimeter  Scale  a,  1882. 

This  scale  is  divided  into  ten  millimeters,  each  division  being 
marked  by  three  lines  distant  from  one  another  ten  microns  and  the 
measurement  is  to  be  made  from  the  mean  position  of  one  triplet  of 
lines  to  that  of  another.  The  first  millimeter  is  again  divided  in  the 
same  manner  into  tenths  of  millimeters.  The  first  tenth  of  a  milli- 
meter is  subdivided  into  ten  spaces  of  ten  microns  each.  There  are 
thirteen  of  these  lines  at  the  beginning  of  the  centimeter,  the  first 
tenth  of  a  millimeter  being  measured  from  the  mean  of  the  first  three 
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to  the  mean  of  the  eleventh,  twelfth  and  thirteenth.  The  scale  is 
engraved  on  a  piece  of  platin-iridium  made  by  Matthey,  and  contain- 
ing 20  per  cent,  of  iridium.  The  coefficient  of  expansion  of  this 
metal  from  o  to  ioo  degrees  C,  according  to  Ste.  Clair  Deville  and 
Mascart  [Annales  de  l'Ecole  Normale,  second  series,  tome  VIII.,  p. 
9],  is  8.778/x  per  degree  centigrade  per  meter.  But  at  ordinary 
temperatures  it  is  no  doubt  somewhat  smaller.  The  whole  centimeter 
has  been  found  to  be  2.18//  shorter  than  Glass  Centimeter  No.  1 
(Dec.  25,  1878),  at  65  degrees  F.  and  also  at  70  degrees  F.,  the  two 
centimeters  having  sensibly  the  same  coefficient  of  expansion  at 
that  temperature.  This  Glass  Centimeter  No.  1  (1878,  Dec.  25,)  is 
1. 6 1  microns  longer  than  a  mean  centimeter  of  glass,  decimeter  scale 
No.  4.  This  mean  centimeter  is  provisionally  taken  to  be  2. 80/*  too 
long  at  70  degrees  F.  We  can  refer  this  length  to  a  wave  length  of 
light  more  accurately  than  to  the  meter — namely,  the  correction 
just  given  makes  the  wave  length  of  Kirkhoff,  1,200.6,  to  be 
0.5624918//  in  air  at  30  inches  reduced  pressure  and  70  degrees  F. 
(This  value  is  subject  to  future  correction). 

The  corrections  to  the  different  divisions  of  the  scale  a,  1882,  at 
70  degrees  F.  are  as  follows: 

First  line  to  second  line,  too  long 0.08/1 

Second  line  to  third  line,  too  short 0.34 

Third  line  to  fourth  line,  too  short 0.05 

Fourth  line  to  fifth  line,  too  short 0.09 

Fifth  line  to  sixth  line,  too  long 0.41 

Sixth  line  to  seventh  line,  too  short 0.20 

Seventh  line  to  eighth  line,  too  short 0.39 

Eighth  line  to  ninth  line,  too  long 0.19 

Ninth  line  to  tenth  line,  too  long 0.05 

Tenth  line  to  eleventh  line,  too  short 0.20 

Eleventh  line  to  twelfth  line,  too  long 0.18 

Twelfth  line  to  thirteenth  line,  too  short 0.23 

TENTHS  OF  MILLIMETERS. 

First,  too  short 0.54/i    Sixth,  too  short 0.52^ 

Second,  too  short 0.33      Seventh,  too  short 0.37 


Third,  too  short 0.65^  Eighth,  too  short 0.48/* 

Fourth,  too  long 0.10  Ninth,  too  short 0.41 

Fifth,  to  short 0.07  Tenth,  too  long 0.16 

MILLIMETERS. 

First,  too  short 0.31/i  Sixth,  too  long 0.87^ 

Second,  too  short 0.27  Seventh,  too  long 0.53 

Third,  too  short   0.27  Eighth,  too  long 0.49 

Fourth,  too  long  (F.  55).  .0.28  Ninth,  too  long 0.28 

Fifth,  too  long 0.45  Tenth,  too  long 0.19 


flL    Stubif    of    tfve    (SeutlmeUz,   9Ka*fceb    "  QL,"   ^cparcb 
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At  its  last  session,  this  Society  conferred  the  honor  of  appointing 
me  as  its  representative  upon  the  general  committee  upon  micrometry, 
representing  the  various  microscopical  societies  of  this  country. 
This  committee  has,  through  its  chairman,  President  Barnard,  of 
Columbia  college,  and  its  Secretary,  Dr.  Ward,  of  Troy,  obtained 
from  Professor  J.  E.  Hilgard,  Superintendent  of  the  United  States 
Coast  Survey  and  Director  of  the  Bureau  of  Weights  and  Measures, 
a  standard  centimeter  ruled  upon  a  platin-iridium  surface  which 
appears  to  satisfy  every  requirement  essential  in  a  standard  unit  of 
measurement.  This  standard  was  sent  to  me  by  Dr.  Ward  at  the 
beginning  of  the  present  year,  with  the  request  that  I  should  compare 
it  with  the  one-hundredth  part  of  the  meter  in  my  possession,  the 
relation  of  which  to  the  Metre  des  Archives  at  62  degrees  Fahrenheit 
has  been  definitely  established.  Inasmuch  as  no  special  investigation 
of  the  coefficient  of  expansion  of  this  particular  plate  of  platin- 
iridium,  attached  by  silver  solder  to  a  plate  of  brass  had  been  made, 
I  was  requested  by  Dr.  Ward  to  undertake  this  investigation. 

The  standard  was  received  by  me  January  20  of  the  present  year. 
In  its  examination  with  a  half-inch  objective  supplied  with  a  Tolles* 
opaque  illuminator,  it  became  at  once  apparent  that  the  defining 
lines  are  of  the  most  beautiful  character.  I  do  not  think  I  have  ever 
succeeded  in  producing  lines  upon  a  metal  surface  quite  equal  to 
the  lines  upon  this  plate.  The  surface  of  the  platin-iridium  does 
not  appear  to  be  quite  as  well  prepared  as  it  is  possible  to  prepare  a 
surface  of  tempered  steel,  but  from  some  experiments  which  I  have 
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since  made  with  pure  iridium  it  is  evident  that  this  metal,  with  all 
its  other  good  qualities,  is  not  well  adapted  in  this  respect.  This 
defect  is,  however,  apparent  rather  than  real,  since  it  only  affects  the 
definition  of  the  graduations  in  certain  parts.  I  found  a  few  scratches 
upon  the  plate,  especially  near  the  third  millimeter.  It  should  be' 
noted  that  it  is  extremely  difficult  to  polish  this  metal  without  leaving 
traces  of  the  polishing  material.  While  this  plate  was  in  my  posses- 
sion, its  surface  was  not  touched,  even  to  remove  the  particles  of 
dust  which  accumulated  upon  it,  except  with  a  camel's  hair  brush.  The 
graduated  surface  is  not  quite  parallel  with  the  lower  surface  of  the 
brass  plate.  I  found  it  necessary  to  cement  to  one  end  five  thick- 
nesses of  tissue-paper. 

Before  proceeding  to  give  an  account  of  the  results  obtained  in 
this  investigation  it  will  be  necessary  to  allude  briefly  to  the  original 
unit  with  which  this  standard  has  been  compared.  The  original  basis 
of  this  unit  is  a  meter  upon  copper  prepared  for  me  by  Professor 
Tresca,  of  the  Conservatoire  des  Arts  et  Metiers  at  Paris.  This  meter 
was  transferred  from  meter  No.  19  of  the  Conservatory,  at  2  o'clock 
on  the  morning  of  Feb.  6,  1880,  and  its  relation  to  this  standard  was 
determined  by  a  sufficient  number  of  comparisons. 

According  to  the  report  of  Professor  Tresca,  this  meter  was  found 
to  be,  by  comparison,  with  the  Metre  des  Archives  118.9/*  t0°  l°ng 
at  13. 700  C. 

Since  it  seems  desirable  that  all  units  of  measurement  shall  be 
referred  to  a  temperature  near  the  mean  temperature  at  which  scien- 
tific observations  are  usually  made,  I  have  selected  620  Fahrenheit 
or  16.670  C,  since  this  is  the  temperature  at  which  the  Imperial 
Yard  is  a  standard.  In  order,  therefore,  to  determine  the  length 
of  the  Tresca  meter  at  16.670  C,  it  became  necessary  to  determine  its 
coefficient  of  expansion  with  great  care.  It  will  not  be  necessary  to 
describe  the  various  unsuccessful  attempts  which  were  made  to  deter- 
mine this  coefficient  with  precision.  It  is  sufficient  to  say  that  I 
have  been  unable  to  obtain  satisfactory  results  by  immersing  the  bar 
in  a  liquid.  The  method  which  was  finally  adopted  seems  to  meet 
every  difficulty.  The  line  meter  was  compared  at  extreme  tempera- 
tures with  an  end-measure  meter  immersed  in  melting  ice.  The 
details  of  this  investigation  will  be  found  in  the  forthcoming  volume 
of  the  Proceedings  of  the  American  Academy  of  Arts  and  Sciences. 
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The  observations  extend  from  February  7  to  May  8,  1883,  under 
temperature  ranging  from — n°  C  to  plus  290  C.  From  the  solution 
of  74  equations  of  condition  the  coefficient  of  expansion  was  found 
to  be  16.18/x  for  each  degree  centigrade,  or  8.99^  for  each  degree 
Fahrenheit.  With  this  coefficient  of  expansion  this  meter  was 
transferred  to  a  bronze  bar  of  the  same  dimensions  and  composition 
as  the  Imperial  Yard,  allowing  also  for  the  error  at  13.700  C. 
Rigorous  comparisons  were  then  instituted  between  these  meters, 
from  which  it  appeared  finally  that  at  16.670  C — 
The  Tresca  meter  is  167.0/x  too  long. 
The  bronze  meter  is  1.3/x  too  long. 

The  coefficient  of  the  bronze  bar  was  found  to  be  17.17/x  for  each 
degree  centigrade. 

In  February  of  the  present  year,  I  received  from  Paris  a  meter 
which  has  been  compared  with  great  precision  with  the  standard 
prototype  of  the  International  Bureau  of  Weights  and  Measures. 
This  bar  was  prepared  many  years  ago  by  the  U.  S.  Bureau  of 
Weights  and  Measures,  and  presented  to  the  Stevens  Institute, 
Hoboken.  It  has  defining  lines  representing  both  the  yard  and  the 
meter  upon  silver  plugs  inserted  at  the  bottom  of  wells,  sunk  to  the 
plane  of  the  neutral  axis  of  the  bar.  By  the  kindness  of  President 
Morton  of  Stevens  Institute,  I  was  allowed  to  take  this  bar  to 
Europe  in  1880  in  order  to  obtain  a  comparison  with  the  original 
standards.  The  yard  upon  this  bar  was  compared  directly  with  the 
Imperial  Yard  by  Mr.  Chaney,  the  Warden  of  the  Standards,  in 
1880.  The  bar  was  then  sent  to  Breteuil,  near  Paris,  and  Dr.  Pernet 
kindly  undertook  a  definitive  comparison  of  the  meter  with  a 
prototype  of  the  Metre  des  Archives.  Rigorous  comparisons  were 
made  near  1,  7  and  12  degrees  centigrade,  from  which  it  was  found 
that  the  meter  on  this  bar  is  310//  shorter  than  the  Metre  des  Archives 
at  o°  C. 

Since  the  coefficient  of  expansion  of  the  platinum  standard  is 
known  with  the  greatest  precision,  these  observations  furnish  the 
data  for  an  accurate  determination  of  the  coefficient  of  the  Coast- 
Survey  bar,  but  the  obtained  relations  have  not  yet  been  communi- 
cated. It  became  necessary,  therefore,  to  make  a  definitive  deter- 
mination of  this  coefficient.     The  method  employed  is  the  same  as 
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that  used  with  the  Tresca  bar.  From  seventy  equations  of 
condition  the  coefficient  was  found  to  be  17.60/x  for  each  degree 
centigrade.  The  meter  was  found  with  this  coefficient  to  be  16.6/x 
too  short  at  16.670  C. 

The  comparison  with  the  meter  on  the  bronze  bar  gave  a  result 
identical  with  the  result  obtained  from  the  Tresca  bar.  Of  course 
this  exact  coincidence  is  accidental,  since  it  is  impossible  to  rely 
upon  the  accuracy  of  the  observations  to  the  extent  indicated  by 
this  agreement.  The  coincidence  is,  however,  of  value  in  showing 
that  the  meter  which  I  have  prepared  after  several  years  of  investi- 
gation, can  not  differ  more  than  2/1  or  3/1  from  the  true  length  at 
this  temperature.  This  conclusion  is  confirmed  by  a  comparison 
with  an  end-measure  meter  which  I  purchased  of  the  celebrated 
mechanician,  M.  Froment,  of  Paris,  which  has  been  compared  with  the 
metre  des  archives  through  the  medium  of  a  meter  belonging  to  the 
observatory  of  Kazan.  According  to  this  comparison,  the  Froment 
meter  is  S.4/1  too  long  at  o°  C.  The  coefficient  of  this  bar 
has  been  found  by  the  method  already  described  to  be  10.11/*,  and 
the  agreement  of  the  length  with  the  meter  on  the  bronze  bar  at 
16.67  degrees  is  very  satisfactory,  the  difference  being  only  2/x.  The 
coincidence  is  still  further  confirmed  by  a  series  of  comparisons  with 
the  Coast-Survey  meter  No.  49, which  I  was  enabled  to  make  by  the 
kindness  of  Professor  Hilgard.  No.  49  has  been  compared  by  Dr. 
FSrster  of  Berlin,  with  a  meter  which  has  been  compared  directly 
with  the  Metre  des  Archives,  and  indirectly  through  the  meter  of  the 
Conservatory. 

Since  glass  is  the  material  which  the  microscopist  employs  in 
investigations  involving  accurate  measurements,  it  seems  to  be 
desirable  that  the  platin-iridium  centimeter  should  be  compared 
with  the  one-hundredth  part  of  a  meter  traced  upon  glass.  Through 
the  kindness  of  Mr.  Chaney,  I  have  obtained  a  glass  bar  having  the 
dimensions  41  by  1.6  by  1.6  inches.  Several  similar  bars  were  made  for 
the  Standards  Department  by  Chance  &  Sons  in  1870,  and  it  is  sup- 
posed that  by  this  time  they  have  assumed  their  normal  condition, 
if,  indeed,  they  suffer  any  change  in  their  structure  by  age,  which  I 
do  not  believe.  One  surface  of  this  bar  was  made  a  plain  surface 
by  Alvan  Clark  &  Sons,  when  the  bar  is  supported  at  points  about 
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four  inches  from  each  end.  The  particular  meters  employed  in  this 
investigation  were  two  provisional  transfers  from  my  steel  standard, 
before  the  coefficient  of  expansion  of  the  glass  bar  was  well 
determined.  By  a  comparison  with  the  standards  just  described,  it 
was  found  that  these  meters  are  each  about  21  f±  too  short  at  16.670 
C.  The  subdivisions  of  the  meter  upon  both  the  bronze  and  the 
glass  bars  are  made  according  to  the  method  described  in  my  paper 
upon  this  subject  published  in  the  proceedings  of  the  meeting  at 
Elmira;   they  need  not,  therefore,  be  repeated  here. 

The  following  are  the  relative  errors  of  the  separate  subdivisions, 
both  for  the  bronze  and  glass  meters.  A  plus  sign  indicates  that 
the  measured  space  is  too  short : 


SUB-DIVISIONS   OF   THE   BRONZE    STANDARD. 


Meter 

• 

Yard,  i 

Halves, 

Halves, 

I=— 0. 

7M 

I  —  +  I.OJJL 

II  —  +0. 

7 

II  — — 1.0 

Dm,  Spaces. 

x 
I  =  — 4.4^       — 4.4^ 

Six-Inch  Spaces, 

X 

I  —  +4.0/1       +4-Ofi 

II 0.4 

-4.8 

II—  —3-7          +°-3 

III  — +1.2 

-36 

III— —0.3         +0.0 

IV— +3.3 

—o.3 

V=  +0.3 

-|-o.o 

Cm.  Spaces, 

X 

I  =—3-4/*       —  3-4/' 

Inch  Spaces. 

X 
I  =  +O.I  fJL            +O.I/X 

II  =  +1.9 

—i-5 

II—    +0.2                 -f-O.I 

111=  +0.6 

—0.9 

III—    -hO.3                 +O.6 

IV—  —I.  T 

— 2.0 

IV  —  — 0.4         +0.2 

V  =  +o.4 

—2.4 

V—+2.0             +2.2 

VI—  +0.1 

—2-3 

VI  _ 2.2              +O.O 

VII  — —0.6 

—2.9 

VIII  =+0.0 

—2.9 

IX 0.3 

— 3-2 

X-+3-2 

-j-o.o 
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SUB-DIVISIONS   OF   THE   GLASS    STANDARD. 

There  are  two  independent  sets  of  graduators  upon  this  bar,  the 
lines  of  the  first  set  being  rather  coarse,  and  of  the  second  set,  being 
rather  fine.  The  first  are  designated  B  and  the  latter  C.  BB  and  C6 
indicate  the  fifth  centimeters  counting  from  the  middle  defining 
line  of  the  meter  towards  the  centimeter  end. 

METERS. 
Scale  B.  Scale  C. 

Halves.  Halves. 

I+3.1/1  I+3-6." 

II— 3.1  II— 3.6 

Dm.  Spaces. 
x  * 

I  +  1.1/1  +  1.1/1  I+0.3/1   +0.3/A 

II — 2.5     — 1.4  II — 2.2     — 1.9 

III— 0.4    —1.8  III— 1.7     —3.6 

IV— 0.4     — 2.2  Iv+ 1.5     — 2.1 

V  +  2.2       +O.O  V-j-2.1        +O.O 

Cm.  Spaces. 

I+0.57/1  +0.37/1  I+0.93//+0.93/1 

II  +0.73    -hi. 10  II — 1.47  — 0.54 

III +0.12    +1.22  III+  .30  — 0.24 

IV +0.45    +1.67  IV  4-   .30  +0.06 

V — 1.67   +0.00  V —  .06    4-0.00 

j  Cm.  Spaces. 

I-j-O.O/t  I+O.I/A 

II— 0.0  II— 0.1 

The  comparisons  of  the  centimeter  A,  were  made  with  centimeters 
Nos.  8  and  9  of  the  bronze  bar.  It  is  therefore  necessary  to  deter- 
mine the  error  of  these  spaces  in  terms  of  the  Metre  des  Archives. 

We  have : 

No,  8.  No.  9. 

Correction  for  relative  errors -j-o.oo/i  — 0.30/x 

Correction  for  error  in  the  whole  length —  .01  —  .01 

Correction  for  error  of  first  half —  .01  —  .01 

Correction  for  error  of  the  fifth  decimeter 4-  .03  4-  .03 

-j-o.n  — 0.29 


18 

For  the  mean  of  8  and  9  we  have  therefore  the  correction— o.nji. 

In  the  same  way  the  correction  to  the  fifth  centimeter  of  meter  B 
of  the  glass  bar  was  found  to  be  — 1.48/i,  and  to  the  fifth  centimeter 
of  the  scale  C  of  the  same  bar  was  found  to  be  -f-o.26/z. 

The  comparisons  with  centimeters  8  and  9  of  the  bronze  bar  were 
made  with  three  different  objectives,  a  one-inch,  in  which  the  value 
of  one  division  of  a  spider  line  micrometer  is  0.503/*;  a  one-half  inch, 
in  which  the  value  of  one  division  is  0.222/2,  and  a  one-fourth  inch, 
in  which  the  value  of  one  division  is  0.110/2.  The  temperatures  were 
obtained  through  a  Yale  college  centigrade  standard  thermometer 
designated  Y  61.  I  give  below  all  the  observations  which  have 
been  made : 

WITH   ONE-HALF   INCH   OBJECTIVE. 

Date.  Y61.  (A— 9).  (A— 8). 

Jan.  26 ". -i-7°  -1.6/1  ..../i 

Jan.  26 -1.7  -1.2  .... 

Jan.  26 -1.7  -1.1  .... 

Jan.  26 -3.4  -2.4  -2.0 

Jan.  28 -f-259  +°-7 

Jan.  28 +23.3  +0.4 

Jan.  28 +29.2  +0.4  .... 

Jan.  28 4-  29.8  4-  1.5  .... 

Jan.  29 +18.7  +0.4  +0.1 

Jan,  29 4- 19.3  +0.3  4-0.3 

Jan.  30 +26.7  +1.0  +1.3 

WITH    ONE-QUARTER   INCH   OBJECTIVE. 

Jan.  24 -|-  8.6°  -0.2/1  -0.2/i 

Jan.  24 4-  8.6  -0.3  -0.1 

Jan.  25 —  2.7  -0.8  -1.0 

Jan.  25 —  1.5  -0.9  -0.8 

Jan.  25 -I-  3.4  -0.6  -0.4 

Jan.  26 —  9.3  -2.3  -2.2 

Jan.  26 —  0.5  -1.7 

Jan.  26 —  0.5  -1.8 

Jan.  26 —  0.3  -2.2 


.    a 


... 


... 


... 


•    . 


u 

Jan.  27 4-1 2.40  -o-4At 

Jan.  28 +25.9  +0.7 

Jan.  28 +23.4  +0.6 

Jan.  28 +  29.3  +0.6 

Jan,  28 +29.8  +1.2 

Jan.  28 +  29.8  +0.9 

Jan.  29 + 18.7  — 0.2        4-0.2 

Jan.  29 + 19.3  — 0.4         -o.  1 

Jan.  29 + 19.5  — 0.2         

Jan.  30 4-  26.4  4-0.6        4-1.0 

WITH   ONE-INCH   OBJECTIVE. 

Jan.  22 4- 18.60 

Jan.  22 18.6 

Jan.  22 — 12.4 

Jan.  24 — 1 2.4 

Jan.  24 —  9. 1 

Jan.  24 —  5.1 

Jan.  24 —  2.5 

Jan.  24 —  1.7 

Jan.  26 —  0.5 

Jan.  26 —  1.7 

Jan.  26 —  0.3 

Jan.  27 4- 1 2.4 

Jan.  28 4-  25.8 

Jan.  28 -h  23.3 

Jan.  28 4-  29.3 

Jan.  28 4298 

Jan.  28 -I-29.8 

Jan.  29 +18.7 

Jan.  29 +  19.2 

Jan.  30 +26.7 

In  order  to  obtain  a  provisional  value  of  the  relative  coefficient 
of  expansion  between  the  centimeter  A  and  a  centimeter  of  the 
bronze  bar,  the  following  equations  of  condition  were  found  from 
the  above  data,  for  the  mean  of  9  and  8.     They  are  as  follows: 


4-0.4^ 

4-o.4ja 

— 0.2 

— 0.7 

—35 

— 4.6 

—31 

-3* 

-38 

-3.6 

—i.3 

—i-3 

—i.3 

—i-7 

—23 

—2.4 

—1-5 

•  •  •   • 

— 1.0 

•  •  •   « 

—i-7 

•  •   • 

O.I 

•  •  •  « 

4-0.4 

• 

-f-1.4 

•   •   •   1 

•fo.i 

.... 

4-1.6 

•  •  •   1 

4-i. 1 

•  •  •   1 

-+-0.7 

4-0.8 

— 0.1 

4-i.o 

4-1.1 

4-0.5 

> 
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Jan.  22, 
Jan.  24, 
Jan.  24, 
Jan.  24, 
Jan.  25, 
Jan.  25, 
Jan.  26, 
Jan.  27, 
Jan.  28, 
Jan.  29, 


+  o.o/t» -  a  +i8.6£ 
—3.7  =a— 11.3^ 
— 1.7  =tf —  3.1  £ 
— 0.2  —0  +  8.6£ 
—0.8  —  a+  2.1b 
—0.5  —  a—  3.4^ 
— 1.8  =0 —  1.5  £ 
— 0.3  — fl+12.4^ 
+0.8  =0  +27. 6£ 
-f-o.i  =0  +19.2^ 
-f  1.0  =  j  -I-26.7  ^ 


Jan.  30, 
The  determined  normal  equations  are: 

—  7.1/1—11.00+     98.5  £ 

+95°  =  98-5*  +2572.5  £ 
Whence  £  =  the  relative  coefficient  of  expansion—  +.0938^ 
<*  =  the  difference  in  length  at  o°  C.  — — 1.48/* 
For  the  temperature  16.670  C.  =  62°.o  Fah.,  we  obtain  with  this 
value  of  If 

A——9 

2 

We  are  now  prepared  to  reduce  all  the  comparisons  to  i6°.67  C, 
employing  for  this  purpose  the  relative  coefficient  0.094/*.  The 
following  are  the  results: 

Relations  between  scale  A  and  centimeters  Nos.  8  and  9  of  the 
bronze  standard  at  16.670  C. 


+0.07/4. 


Date. 
1883. 


WITH    ONE-HALF   INCH    OBJECTIVE. 

(A-9).    (A-8). 


Jan.  26 +0.  i/i 

Jan.  26 +0.5 

Jan.  26 +0.6 

Jan.  26 — 0.5 

Jan.  28 — 0.2 

Jan.  28 — 0.5 

Jan.  28 — 0.8 

Jan.  28 +0.3 


. . . . 


i/» 


i 
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Jan.  29 +0.2/1  — o.i// 

Jan.  29 +0.1  +0.1 

Jan.  30 +0.1  +0.4 


Means — 0.01        +0.07 

WITH   ONE-QUARTER   INCH   OBJECTIVE. 

Jan.  24 +o.6/i       +0.6/1 

Jan.  24 +0.4         +0.6 

Jan.  25 +1.0         +0.8 

Jan.  25 +0.8         + 1.0 

Jan.  25 +1.0         +1.2 

Jan.  26 +0.1         +0.2 

Jan.  26 +0.9 

Jan.  26 +0.8 

Jan.  26 — 0.6 

Jan.  27 +0.0 

Jan.  28 —0.2 

Jan.  28 +00 

Jan.  28 —0.6 

Jan.  28 — o.  1 

Jan.  28 +0.3 

Jan.  29 — 0.4        — 0.6 

Jan.  29 — 0.6        — 0.8 

Jan.  29 — 0.5  .... 

Jan.  30 — 0.3         +0.1 


Means +0.14  +°-34 

WITH    ONE    INCH   OBJECTIVE. 

Jan.  22 +o.6/i  +o.6/» 

Jan.  22 +0.0  — 0.5 

Jan.  24 — 0.8  — 1.9 

Jan.  24 — 0.4  — 0.9 

Jan.  24 — 1.4  — 1«2 

Jan.  24 +0.7  +0.7 

Jan  24 +0.5  +0.1 

Jan.  24 — 0.6  — 0.7 
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Jan.  26 +0.  1// 

Jan.  26 +0.7 

Jan.  26 — o.  1 

Jan.  27 4-0.3 

Jan.  28 — 05 

Jan.  28 +0.8 

Jan.  28 — 1.1 

Jan.  28 +04 

Jan.  28 — 0.1 

Jan.  29 4-0.5         +0 

Jan.  29 — 0.3         4-o 

Jan.  30 4-o.i         — o 


/' 


6 

8 


Means — 0.03         — 0.23 

We  have  therefore  the  following  relations  with  respect  to    ° : 

100 

From  Comparisons  with  From  Comparisons  with  From  Comparisons  with 

one-half  inch  Objective.  ouo-qoarter  inch  Objective.  one  inch  Objective. 

A+o.oi/i=  No.  9  A — o.i4/i-aNo.  9  A+o.o3/i=No.  9 


A  A  A 

__? 4-0.29  =No.  9  _f+o.29  =No.  9  _? 4-0.29  —No.  9 

ioo  100  100 

A— 0.28  =A  A— 0.43  =^1  A— 0.26  =^f 

100  100  100 

A — 0.07  =No.  8  A— 0.34  =No.  8  A+0.23  =No.  8 

^+0.01  =No.  8  ^f  4-0.01  =No.  8  ^? 4-0.01  =No.  8 

100  100  100 

A— 0.08  =  A°  A— 0.35  =  A_°  A  4-0.22  =^f 

MM  100  100 

Collecting  results  we  have  the  following  values  of  (A — 9)  and( A — 8) : 

With  1  inch.  }£  inch.         %  inch. 

From  centimeter  No.  9 — 0.28/1  — 0.43/1         — 0.26/t 

From  centimeter  No.  8 — 0.08  — 0.35  +0.22 


Means — 0.18  — 0.38  — 0.02 

And  finally  at  62°.o  Fahr.: 

A — o.  1 9/1  =  __°.. 
100 
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It  will  be  noticed  that  the  difference  between  the  results  from 
centimeters  (9)  and  (8)  are  nearly  constant  for  the  observations  with 
different  objectives,  indicating  a  slight  error  in  the  determination  of 
the  relations  of  these  spaces  with  respect  to  the  entire  meter. 

The  observed  data  for  the  relations  between  centimeter  A  and 
centimeters  B6  and  C6  of  the  glass  bar  are  as  follows: 


Date. 

Feb.  1 

Feb. 

Feb. 

Feb. 

Feb. 

Feb. 

Feb. 

Feb. 

Feb. 

Feb. 

Feb. 

Feb. 

Feb. 

Feb. 

Feb. 

Feb. 

Feb. 

Feb, 

Feb. 


Y61. 

—  8.3* 

1 —  8.3 

3 -1-20.6 

3 +20.6 

3 +20.6 

4 +28.3 

4 +28.3 

4 +23.0 

4 +31-6 

4 +3'-<> 

4 +34-2 

4 +34-2 

4 -h32.o 

4 +320 


5 —  0.8 

5 —  0.8 

6 —  8.6 

6 —  0.7 

7 +  0.3 

March   22 +  11.2 

March   23 4-   2.0 

March   25 -f  4.4 

March   26 +  8,7 

March  29 +  0.7 

March  30 +  4,5 


+ 

+ 
+ 

+ 


4.0 
2,2 

4.5 

5.2 


April  1 
April  2 
April  3 

April  4 
Apr 

Apr 

Apr 

May 

May 

May 

May 

May 

May 

May  31 +16.6 


5 +13.1 

8 +  13.4 

*° +  5.3 

13 +  7.8 

•3 +   7*8 

16 +12,4 

17 +16.7 

19 +22.3 

20 +  15.6 


B6— A. 

+0.9// 
+  1.0 
+  1.2 

+  1.6 

+  1.8 
+  2.6 
+  2.8 

+  2.5 
+  2.1 
+  2.2 
+  2.6 

+  33 

+  2.5 
+  2.8 

+  1-5 
+  1.6 

+  1.9 

+  2.1 

+  1.8 
+  1.1 

+  i.3 

+  0.7 

+  1.8 
+  2.0 

+  i.3 

+  i.3 

+  1.2 

+  1.1 
+  1.1 

+  M 

-hi.7 

+  1.3 

+  i.3 

+  1.3 
+  1.6 

+  1.5 

+  1.2 


Date. 


Y61. 


Feb.  3 +  20,6* 

Feb,  3 4-  20.6 

Feb.  3 4-  20.6 

Feb,  4 +23  o 

Feb,  4 +31-6 

Feb.  4 +31-6 

Feb.  4 4-34  2 


Feb. 
Feb. 
Feb. 
Feb. 
Feb, 
Feb. 
Feb. 
Feb. 


4 +24-2 

4 +32.0 

4 +32.0 


5 

5 
6 

6 
7 


—  0.8 

—  0.8 

—  8.6 

—  07 

+  o-3 

March   22 +11.8 

March   23 4-  2.0 

March   25 +  44 

March   26 4-  8.7 

March   29 —  0.7 

March  30 4-  4.5 


April  1 . 

April  2. 

April  3. 

April  4. 

April  5. 

April  8. 

April  10 

May  13 

May  13 

May  16 

May  17 

May 

May 

May  31 4-16.6 


4-  4.0 
+    2.2 

+  4-5 
+  5-2 
+  131 
+  13-4 
+  5.3 
+  7.8 
+  7.8 
4-12.4 
4-16.7 


19 +22.3 

20 4- 15.6 


Q— A. 

— 0.3/1 
— 1.1 
—0.6 
— 0.4 
— 0.2 
—0.6 

—1.4 

-0.6 

—  13 
—14 
—0.7 

— o-3 
— 1.1 

—0.5 

—04 

— 1.2 

— 1.1 

—0.7 

— 1.0 

—0.6 

— o-3 
—0.7 

— o-5 
—0.4 

—0.6 

— 1.2 

—0.3 

— °-3 
—0.4 

-ho.3 
4-0.1 
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•    •    •    • 


*    ■ 


Collecting  these  observations  and  arranging  them  with  respect  to 
the  temperatures  o°  and  16.670  C,  we  have  as  follows: 

Date. 

Feb.  3 
Feb.  4 
Feb,  4 . . . 
March  22 
April  5 . . . 
April  8. . . 
May  13. . . 
May  16. . . 
May  17... 
May  19. . . 
May  20 . . . 
May  31... 


Date.         Y61. 

v^5 A. 

B„— A. 

Feb.  1....—  8.30 

4-  i.o/j 

•      •       •      • 

Feb.  5....—  0.8 

+  1.6 

— o.SPL 

Feb.  6 —  8.6 

+  1.9 

I.I 

Feb.  6 —  0.7 

+  2.1 

— 0.5 

Feb.  7 +  0.3 

+  i-5 

—O.4 

March  22. + 11. 2 

+  18 

1.2 

March  23.+  2.0 

4-1. 1 

—  I.I 

March  25.+  44 

+  1-3 

—O.7 

March  26.+  8.7 

+0.7 

I.O 

March  29. —  0.7 

+  1-5 

—O.6 

March  30.  4-  4.5 

4-1.8 

—O.4 

April  1 . . .  +  4.0 

+  2.0 

—O.7 

April  2 . . .  4-   22 

+'•3 

—0.5 

April  3...  4-   45 

+••3 

O.4 

April  4. . .  4-  52 

+1.2 

—O.6 

April  10.. -|-  5.3 

+1.4 

—O.7 

May  13. . . +  7.8 

+  >-5 

O.4 

Y6l. 

B6— A.  C5— A. 

+  20,6° 

+  1,5/1 — 0,7/1 

+  26.5 

+  2,6  — 0.4 

+32.8 

+  2,6  — 0,9 

+  11. 2 

+  1.8  —1.2 

+  I3-I 

4-1,1    1,2 

+  13-4 

+  I.I    —O.3 

+    7-8 

+  1.5  —  °«4 

+  12.4 

+  1.3  — °-x 

+  16.7 

+  1.3    +°'3 

+  22.3 

+  1,6  — 0,2 

+  15.6 

4-1,5   +0.1 

+  I6.6 

+  1.2  — 0,5 

We  have  therefore  the  two  equations: 

+  1.47/1.. — 0.68/1=0+  3.12^. 
4-1.59/1. . — 0.46/1=  04-17.42^. 
Whence  +0. 1 2/1 ... .  +0.22/1=  14.30  b. 

And  b=  +-oo8/H-  OI5/'=  +.QI2/1. 

For  16.670 

a=  +1.44/1  for  B5. 
a  =  —  0.73/1  for  C5. 


For  the  relations  between  A0  B6  and  C6  we  have- 

B6+[+.2I+.o6  +  .22— 1.67]/!=^. 

100 

C5+[+.2i+.o7+.2i—  .o6]/i=^2. 

100 

But  B5 —  1 .  44/1=  A . 

Q+o.73/1— A. 

\ 

Hence  A +0.26/1—1.?  from  B6. 

100 


A — 0.30//=  __?  from  C6. 
100 
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Adopting  the  mean  relation  we  have: 

A — 0.02/1=  _J 


o 

101) 


_     * 

100 


But  from  the  bronze  bar  we  have: 

A — 0.19/1= 

By  combination  we  have  finally: 

A — 0.10/1=  __?. 
100 

In  order  to  determine  the  definitive  coefficient  of  expansion  of 

the  plate  A,  the  following  method  of  reduction  was  employed,  in 

preference  to  the  derivation  of  this  quantity,  from  the  equations  of 

condition  formed  from  the  relations  between  A  and  the  bronze  bar. 

The  normal  relations  between  A  and  centimeters  8+9  divided  by  2 

were  formed  by  reducing  all  the  observations  near  o°  to  the  equivalent 

value  for  o°,  and  all  the  observations  near  16. 670  to  the  equivalent 

values  for  16.67 °,  employing  for  this  purpose  the  coefficient  already 

found,  viz:   0.094/2.     In  this  way  comparative  freedom  from  errors 

due  to  an  erroneous  coefficient  is  secured. 

The  following  results  were  obtained  from  the  data  given  above: 


From  observations 

» 

From  observations 

near  o°. 

near  1 

[6.670  C. 

84-9 

8  f9 

8  +  9 

a       8+9 

Date.     Y61.  A- 

J  A- 

J 

Date.     Y61.  A- 

^ 

A 

2 

2 

2 

2 

0 

At  o° 

0 

AU6.670 

Jan.  24—11.3 

— 3-6/1 

— 2,6/1 

Jan.  22  +  18,6 

4-o,o/j 

1      0. 2/1 

Jan,  24  -f   8.6 

— 0.2 

— 1.0 

Jan,  26+   8,6 

— 0.1 

+  O.6 

Jan.  24—  3.1 

— *.7 

—1.4 

Jan,  27  +  12.4 

— 0.1 

4  0.3 

;  an.  25—  0.3 

—0.8 

—0,8 

Jan.  28+27,4 

4-0.8 

0.2 

Jan,  26 —  1.4 

— 1-5 

—1.3 

Jan.  294-19,0 

+  0,1 

—  O.I 

Jan,  26—  9.3 

— 2.2 

—  1.4 

Jan,  30+26,7 

+  1,0 

+  O.I 

Jan.  27  +  12.4 

— 0.2 

—1.3 

—  1.40/1 

The  relative  coefficient  between  the  limits  o°  and  16.670  C  is: 

+  1.40  4-  .08 


16.67 


/las.  0888/I. 


But  the  coefficient  of  the  bronze  bar  is  17.17/1. 
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The  absolute  coefficient  of  A,  derived  from  these  observations  is, 

therefore : 

.0829/1. 

It  is  obvious  from  the  observed  relations  between  A  and  the  glass 
bar  that  for  any  practical  purpose,  they  have  the  same  coefficient. 
These  observations  are  not,  however,  well  adapted  to  secure  an 
accurate  value  of  the  coefficient.  Indeed  it  can  hardly  be  expected 
that  a  precise  value  could  be  obtained  from  such  a  short  unit.  It 
will  be  noticed  that  the  value  of  the  relation  between  A  and  the  mean 
of  8  and  9  of  the  bronze  bar,  from  only  those  observations  made  near 
16.67 °  C,  is  nearly  the  same  as  that  derived  from  the  whole  series. 

It  is  to  be  noted  that  these  measures  are  from  the  middle  line  of 
each  band  of  three  defining  lines  and  not  from  the  mean  of  the 
three  lines,  as  is  the  case  with  the  determination  of  the  error  given 
in  the  official  report  which  accompanies  this  standard.  I  have 
purposely  avoided  ascertaining  the  relation  between  the  middle  line 
and  the  mean  of  the  three,  in  order  that  my  investigation  might  be 
made  without  the  bias  which  previous  knowledge  sometimes  gives, 
quite  unconsciously,  to  an  observer.  I  leave  the  investigation  of  this 
relation  to  other  observers.  It  can  be  easily  made  with  the  ordinary 
appliances  of  the  microscope.  But  for  any  purpose  required  by  the 
microscopist  the  agreement  is  practically  perfect  without  this 
reduction,  I  assume  that  0.2/1  is  the  limit  of  precision  in  micro- 
scopic measures,  beyond  which  it  is  impossible  to  go  with  certainty. 
Certainly  that  is  the  result  of  my  own  experience.  If  we  admit  this 
limit,  it  follows  that  the  middle  defining  lines  of  this  standard  require 
no  correction  m  62  degrees  Fahrenheit, 

This  conclusion  is  substantiated  by  a  comparison  with  a  centimeter 
upon  glass,  prepared  by  the  writer  in  1881,  and  since  presented  to 
the  Royal  Microscopical  Society  of  London.  This  standard  consists 
of  100 1  lines  in  one  centimeter.  No  error  in  the  whole  length  at 
620  Fahr.  could  be  detected  at  the  time  of  its  construction. 

After  the  greater  part  of  the  observations  detailed  above  had  been 
completed,  the  following  comparisons  were  made  between  these 
independently  determined  standards : 

1883,  May  23,  Glass  Centimeter — 0.04//=  A. 
May  24,      "  "  — 0.29  =  A. 

May  25,      u  "  — 0.09  s=A. 


Hence: 
But; 

Whence: 
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Glass  Centimeter — 0.14/1=  A. 


A — o.io/jt=_f. 
100 


Glass  Centimeter — 0.04^=  _J>. 

100 


With  regard  to  the  errors  of  subdivision,  I  have  considered  it 
worth  while  to  investigate  only  the  millimeter  spaces,  since  the 
remaining  subdivisions  can  be  investigated  by  any  observer  with 
the  aid  of  a  filar  or  an  eye-piece  micrometer.  The  following  are 
the  relative  errors  of  these  subdivisions,  the  measures  being  made 
from  the  middle  defining  line  of  the  bands  of  three  lines: 

SUBDIVISIONS   OF   SCALE   A. 
MM.  Spaces. 

1883.       IfaySL       Janel.       Junes.       June  3.       Jane  4.       Jane  5.       Jane  6.  Means  X 

fl  fl  fl  fl  ft  fl  ft  fl  ft 

I  +0.63  +o-53  +°-57  +064  +0.61  +0.56  +0.84  +063  +0.63 

II  +    .03  -*3  -04  -22    +    .07    -f     .22  -f    .04   +O.OO  +O.63 

III  .30  .62  .42  .29  .35  .29 ,22  O.36  +O.27 

IV  —  .65  —  .09  —  .15  —  ,62  —  .67  —  .16  —  .29  — 0.39 O.I2 

V  —  .33  +  .18  —  .20  —  .44  —  .67  —  .37  —  .37  —0.31  —  .43 

VI  +   .87   -!-   .68  +  .59    f   ,82  +  .81  4-   .53  +   .74  +0.72  +   .29 

VII  +  .31  4-   .29  +   .24  4-  .27  4-  .20  4-  .^  4-  .09  +0,25  +   .54 

VIII  +  .21  4-  .60  4-  .22  4-  ,29  4-  ,26  4-  .29  4-  .$7  +0,32  4-  .86 

IX  — 1.41  — 1.48  — 1.22  — 1.05  — 1.20  — 1.26  —  .48  — 1.30  —  .44 

X  4-  .63  4-  .25  4-  .40  4-  .70  4-  .90  4-  .14  +  .28  4-0.47  4-  .03 

It  appears  from  this  examination  that  the  most  serious  error  is  in 
the  ninth  space.  It  also  appears  from  the  summed  series  that  there 
is  no  marked  evidence  of  periodicity  in  the  graduation. 

Finally  we  may  conclude: 

(a)  That  centimeter  A,  defined  by  the  middle  lines  of  the  terminal 
bands,  requires  no  sensible  correction  at  62.00  Fahr. 

(p)  That  the  second  millimeter  is  exactly  one-tenth  part  of  the 
standard  unit,  and  therefore  requires  no  correction. 

WM.  A.  ROGERS. 

Harvard  College  Observatory,  Aug.  4,  1883. 
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oftufe*  f<y&  the  Qonfoot  of  the  S)taA\ba,zb  fflliczGMetez,. 


The  following  rules  for  the  government  and  control  of  the 
Standard  Micrometer,  "Centimeter  A,  1882,"  have  been  prepared  by 
the  Committee  appointed  for  this  purpose: 

1.  The  Standard  Micrometer,"Centimeter  A,i882,"  shall  be  held  in 
the  custody  of  the  Treasurer  and  Custodian  of  the  Society,  subject  to 
the  general  supervision  of  the  Committee  on  Standard  Micrometer; 
and  shall  ordinarily  be  kept  in  the  vaults  of  an  approved  Safety 
Deposit  Company. 

2.  The  Standard  Centimeter  shall  not  pass  out  of  the  hands  of 
the  Custodian,  except  to  parties  of  eminent  ability,  for  the  comparison 
and  verification  of  their  standards,  and  only  by  the  permission  of  the 
Committee,  President  and  Secretary  of  the  Society. 

3.  A  series  of  three  or  more  copies  of  the  Standard  Centimeter  shall 
be  prepared  by  some  competent  maker  and  carefully  compared  with 
the  Standard;  and  when  thus  standardized  a  copy  may  be  loaned 
by  the  Custodian  to  any  reliable  party  to  prepare  copies  and  make 
comparisons  of  their  micrometers  with  the  same.  Such  parties  to 
deposit  $10  with  the  Treasurer  as  security  for  its  safety,  and  pay  all 
charges  of  transportation  to  and  from  the  Treasurer's  Office. 

4.  It  shall  be  the  duty  of  the  Custodian,  or  of  some  competent 
person  to  be  secured  by  him,  to  compare  with  the  Standard  any 
micrometer  sent  him  for  that  purpose,  and  certify  to  the  degree  of 
correctness  of  the  same  within  practical  limits,  charging  for  the  same 
a  reasonable  fee. 

Subsequent  to  the  adoption  of  the  preceding  rules,  the  following 
resolutions  were  adopted  by  the  Committee: 

1st.  Resolved,  That  Prof.  W.  A.  Rogers  be  requested  to  prepare  three  verified 
copies  of  the  Standard  Micrometer  on  glass. 

2nd.  That  the  copies  so  prepared  be  numbered  respectively  2  A,  1884;  3  A, 
1884;  4  A,  18S4;  and  be  distributed  in  accordance  with  the  preceding  rules,  to  the 
various  makers  who  may  wish  to  prepare  copies  of  the  Standard. 

Albert  McCalla, 
Geo.  E.  Fell, 
Lester  Curtis, 
Qcmmittee  on  Standard  Micrometer. 
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The  illustrious  Argelander  was  accustomed  to  say,  in  the  quaint 
form  of  speech  which  he  often  employed,  "  The  attainable  is  often 
not  attained  if  the  range  of  inquiry  is  extended  too  far."  In  no 
undertaking  is  there  greater  need  of  a  judicious  application  of  this 
sound  maxim  than  in  the  systematic  determination  of  the  exact 
positions  of  all  the  stars  in  the  visible  heavens  which  fall  within 
the  reach  of  telescopes  of  moderate  power. 

The  first  subject  which  engaged  the  attention  of  the  Astronom- 
ische  Gesellschaft,  at  its  formation  in  1865,  was  the  proposition  to 
determine  accurately  the  coordinates  of  all  the  stars  in  the  north- 
ern heavens  down  to  the  ninth  magnitude.  To  this  association  of 
astronomers  (at  first  national,  but  since  become  largely  interna- 
tional, in  its  character  and  organization)  belongs  the  credit  of 
arranging  a  scheme  of  observations  by  which,  through  the  cooper- 
ation of  astronomers  in  different  parts  of  the  world,  it  has  been 
possible  to  accomplish  the  most  important  piece  of  astronomical 
work  of  modern  times.  With  a  feasible  plan  of  operations,  under- 
taken with  entire  unity  of  purpose  on  the  part  of  the  observers  to 
whom  the  several  divisions  of  the  labor  were  assigned,  this  great 
work  is  now  approaching  completion.  While  it  is  yet  too  early  to 
speak  with  confidence  concerning  the  definite  results  which  the 
discussions  of  all  the  observations  are  expected  to  show,  we  may 
with  profit  consider  the  object  sought  in  the  undertaking,  the  gen- 
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eral  plan  of  the  work,  the  difficulties  which  have  been  encountered, 
and  the  probable  bearing  which  the  execution  of  the  present  work 
will  have  upon  the  solution  of  a  problem  concerning  which  we 
now  know  absolutely  nothing  with  certainty  ;  a  problem  of  which 
what  we  call  universal  gravitation  is  only  one  element,  if,  indeed, 
it  be  an  element ;  a  problem  which  reaches  farther  than  all  others 
into  the  mysteries  of  the  universe,  —  the  motion  of  the  solar  and 
the  sidereal  systems  in  space. 

Our  first  inquiry  will  be  with  respect  to  the  condition  of  the 
question  of  stellar  positions  at  the  time  when  this  proposal  was 
made  by  the  Gesellschafb  in  1865.  All  the  observations  which  had 
been  made  up  to  this  time  possess  one  of  two  distinct  characteris- 
tics. A  portion  of  them  were  made  without  direct  reference  to  any 
assumed  system  of  stellar  coordinates  as  a  base,  but  by  far  the 
larger  part  are  differential  in  their  character.  This  remark  holds 
more  especially  with  reference  to  right  ascensions.  Nearly  all  of 
the  observations  of  the  brighter  stars  made  previous  to  about  1818 
were  referred  to  the  origin  from  which  stellar  coordinates  are  reck- 
oned, by  corresponding  observations  of  the  sun  ;  but  since  that 
date  it  has  been  the  custom  to  select  a  sufficient  number  of  refer- 
ence stars,  symmetrically  distributed  both  in  right  ascension  and 
declination,  and  whose  coordinates  were  supposed  to  be  well 
known.  The  unequalled  Pulkowa  observations  for  the  epoch  1845 
form,  I  believe,  the  only  exception  to  this  statement.  From  the 
assumed  system  of  primary  stars  are  derived  the  clock  errors  and 
instrumental  constants  which  are  employed  in  the  reduction  of 
all  the  other  stars  observed.  The  positions  of  these  secondary 
stars,  therefore,  partake  of  the  errors  of  the  assumed  fundamental 
system,  in  addition  to  the  direct  errors  of  observation. 

The  following  list  comprises  the  most  important  of  the  cata- 
logues which  have  been  independently  formed ;  viz.,  Bradley 
for  1755,  the  various  catalogues  of  Maskelyne  between  1766  and 
1805,  D'Agelet  for  1783,  Piazzi  for  1805,  Aimers'  Cacciatore  for 
1805,  Bessel  for  1815,  a  few  of  the  earlier  catalogues  of  Pond, 
Brinkley  for  1824,  Bessel  for  1825,  Struve  for  1824,  Bessel  for  1827, 
Argelander  for  1830,  and  Pulkowa  for  1845. 

An  analysis  of  the  important  catalogues  of  secondary  stars  pub- 
lished previous  to  1865  reveals  four  important  facts : — 

1.  That  nearly  all  of  the  observations  relate  to  bright  stars, 
at  least  to  stars  brighter  than  the  eighth  magnitude. 
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2.  That  in  a  large  number  of  cases  the  same  star  is  found  in 
different  catalogues,  but  that  no  rule  is  discoverable  in  the  selection. 

3.  That  with  the  exception  of  the  polar  catalogues  of  Fe- 
dorenko,  Groombridge,  Schwerd,  and  Carrington,  the  double- 
star  observations  of  Struve,  and  the  zone  observations  of  Bessel 
and  Argelander,  the  observations  were  not  arranged  with  reference 
to  the  accomplishment  of  a  definite  object. 

4.  That  each  catalogue  involves  a  system  of  errors  peculiar 
to  the  observers,  to  the  character  of  the  instrument  employed,  and 
to  the  system  of  primary  stars  selected,  but  that  thus  far  there  had 
been  no  attempt  to  reduce  the  results  obtained  by  different  observ- 
ers to  a  homogeneous  system.  In  estimating  the  value  of  these 
observations  it  will  be  necessary  to  refer  to  the  researches  which 
have  been  made  subsequent  to  1865. 

The  systematic  deviations  of  different  catalogues  in  right 
ascension,  inter  se,  were  noticed  at  an  early  date  by  several  astron- 
omers ;  but  the  first  attempt  to  determine  the  law  of  these  varia- 
tions seems  to  have  been  made  by  Safford  in  a  communication  to 
the  Monthly  Notices  of  the  Royal  Astronomical  Society  in  1861 
(xxi,  245),  "  On  the  Positions  of  the  Radcliffe  catalogue."  I  quote 
the  equation  derived  by  Safford,  since  it  appears  to  be  the  first  pub- 
lished account  of  a  form  of  investigation  almost  exclusively 
followed  since  that  time  in  the  treatment  of  this  problem.  It  is 
as  follows : — 

Diff.  of   R.  A.  (Greenw.  12  Year  Cat.  —  Rad.)  =  —  .038  + 

s  h       m 

.032  sin  (a  +  5  32).  Extending  this  expression  to  terms  of 
the  second  order,  it  may  be  put  under  the  form,  J  =  a  constant 
-}-  (m  sin  a  +  n  cos  a)  -\-  (m'  sin  2a  -(-  n'  cos  2a). 

Safford  also  seems  to  have  been  the  first  to  notice  the  connection 
between  the  observed  residuals,  and  the  errors  in  position  of  the 
primary  stars  employed.  He  remarks, "  In  investigating  the  causes 
which  give  rise  to  such  systematic  discrepancies,  I  was  struck  with 
the  fact  that  the  same  or  nearly  the  same  variations  were  apparent 
in  the  assumed  places  of  the  time  stars  for  the  years  since  1845  ; 
that,  if  the  correct  positions  of  the  time  stars  had  been  assumed, 
the  resulting  positions  would  have  been  free  from  these  small  er- 
rors." That  the  relation  given  by  Safford  should  have  been 
observed  at  all  is  the  more  remarkable,  since  the  primary  stars 
upon  which  the  Radcliffe  positions  depend,  are  nearly  the  same  as 
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those  employed  at  Greenwich.  In  reality,  the  systematic  errors  of 
both  catalogues  have  since  been  found  to  be  considerably  greater 
than  is  here  indicated,  and  the  deviation  pointed  out  by  Safford  is 
in  the  nature  of  a  second  difference,  but  the  existence  of  periodic 
errors  in  the  Greenwich  catalogue  was  not,  however,  overlooked 
by  him.  The  speaker  has  shown  (Proc.  Amer.  Acad.,  1874,  182) 
that  the  weight  of  the  errors  of  the  provisional  catalogue  assumed 
fell  between  the  first  and  third  quadrants  in  the  Radcliffe  observa- 
tions for  1841-42,  on  account  of  the  omission  of  certain  clock  stars 
which  were  used  at  Greenwich. 

Since  the  discordances  which  exist  between  two  catalogues  may 
arise  from  errors  either  in  one  or  in  both,  it  is  clearly  impossible 
either  to  determine  the  nature  of  the  errors,  or  to  assign  their  true 
cause,  until  a  fundamental  system  has  been  established  which  is 
free  both  from  accidental  and  from  periodic  errors,  —  from  acci- 
dental errors,  since  a  few  abnormal  differences  may  easily  invali- 
date the  determination  of  the  errors  which  are  really  periodic ; 
from  periodic  errors,  because  a  relative  system  can  only  become  an 
absolute  one,  when  one  of  the  elements  of  which  it  is  composed 
becomes  absolute. 

We  owe  to  the  researches  of  Newcomb,  published  in  1869-70,  a 
homogeneous  system  of  stellar  coordinates  in  right  ascension, 
which  are  probably  as  nearly  absolute  in  their  character  as  it  is 
possible  to  obtain  from  the  data  at  present  available.  He  deter- 
mined the  absolute  right  ascensions  of  thirty-two  stars  of  the  first, 
second,  and  third  magnitudes,  and  comprised  between  the  limits 
— 30°  and  +  46°  declination.  A  comparison  of  the  places  of 
these  stars  for  a  given  epoch,  with  the  same  stars  in  any  catalogue 
for  the  same  epoch,  enables  us  to  determine  with  considerable 
precision  the  system  of  errors  inherent  in  that  catalogue.  Several 
circumstances  prevent  the  exact  determination  of  this  relation. 
Among  them  may  be  mentioned  the  fact  that  Newcorab's  system 
cannot  safely  be  extended  far  beyond  the  limits  in  declination  of 
the  stars  composing  the  system,  that  the  stars  are  not  symmetri- 
cally distributed  in  declination,  and  that  the  system  of  errors 
derived  from  bright  stars  is  probably  not  the  same  as  that  derived 
from  stars  of  less  magnitude. 

To  a  certain  extent  all  of  these  objections  have  been  met  in  the 
later  discussion  by  Auwers,  to  which  reference  will  presently  be 
made.    The  substantial  agreement  of  these  two  systems,  independ- 


ADDRESS  BT   W.   A.    ROGERS.  7 

ently  determined,  furnishes  satisfactory  evidence  that  we  have  at 
last  obtained  a  foundation  sj'stem  with  which  it  is  safe  to  make 
comparisons,  from  which  we  may  draw  conclusions  with  compara- 
tive safety.  When  the  catalogues  which  were  formed  between 
1825  and  1865  are  compared  with  Newcomb's  fundamental  system, 
through  the  medium  of  these  thirty-two  stars,  the  following  facts 
are  revealed :  — 

a.  The  only  catalogues  in  which  there  is  freedom  from  both 
accidental  and  periodic  errors  are  Argelander's  Abo  catalogue  for 
1830,  and  the  Pulkowa  catalogue  for  1845.  One  is  reminded,  in  this 
connection,  of  the  remark  of  Pond,  that  "  we  can  hardly  obtain  a 
better  test  of  our  power  of  predicting  the  future  positions  of  stars 
than  by  trying  by  the  same  formula,  how  accurately  we  can  interpo- 
late for  the  past.  In  a  variety  of  papers  which  I  have  submitted  to 
the  Royal  Society,  I  have  endeavored  to  show,  that,  with  us,  the 
experiment  entirely  fails." 

b.  During  this  interval,  the  constant  differences  between  the  ear- 
lier catalogues  and  Newcomb's  system  vary  between  -f-  0.178  for 
Pond,  1820  ;  and  —  0.198  for  Pond,  1830  :  and  for  later  catalogues, 
between  +  0.078  for  Cambridge,  1860  ;  and  +  .028  for  Greenwich, 
1860. 

c.  All  the  right  ascensions  determined  at  English  observatories, 
and  especially  those  which  depend  upon  the  positions  published 
by  the  British  Nautical  Almanac,  are  too  large  in  the  region  of 
five  hours,  and  too  small  in  the  region  of  eighteen  hours.  The 
general  tendency  of  the  constant  part  of  the  deviation  from 
Newcomb's  system  is  to  neutralize  the  periodic  errors  in  the  region 
of  five  hours,  and  to  augment  them  in  the  region  of  eighteen  hours, 
where,  in  the  case  of  a  few  catalogues,  the  error  becomes  as  great 
as  0.10s, —  a  quantity  which  can  be  readily  detected  from  the 
observations  of  two  or  three  evenings  with  an  indifferent  instru- 
ment, if  it  relates  to  a  single  star. 

The  right  ascensions  determined  at  French  observatories 
exhibit  systematic  errors,  which  follow  nearly  the  same  law  as 
those  which  characterize  English  observations. 

Distinctively  German  observations  are  nearly  free  from  system- 
atic errors.     As  far  as  they  exist  at  all,  their  tendency  is  to  neu- 
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tralize  the  errors  inherent  in  distinctively  English  and  French 
observations. 

d.  In  the  case  of  several  catalogues,  residual  errors  of  consider- 
able magnitude  remain  after  the  systematic  errors  depending  upon 
the  right  ascensions  have  been  allowed  for.  These  errors  are 
found  to  be  functions  of  the  declination  of  the  stars  observed, 
and  without  doubt  have  some  connection  with  the  form  of  the 
pivots  of  the  instruments  with  which  the  observations  were  made. 
This  statement  holds  true,  especially  with  respect  to  the  observa- 
tions at  Paris,  Melbourne,  and  Brussels,  between  1858  and  1871 ; 
and  to  the  Washington  observations  between  1858  and  1861. 

e.  The  systematic  errors  which  exist  in  observations  previous  to 
1865  follow  the  same  law,  and  have  nearly  the  same  magnitude,  as 
the  errors  of  the  same  class  which  arc  inherent  in  the  national 
ephemerides  of  the  country  in  which  they  were  made. 

The  British  Nautical  Almanac  and  the  Connaissance  des  Temps 
are  largely  responsible  for  the  perpetuation  of  this  class  of  errors. 
For  a  few  years  before  and  after  1860,  the  ephemerides  of  the 
Nautical  Almanac  were  based  upon  the  observations  of  Pond, 
which  contain  large  periodic  errors.  It  is  found  that  the  errors  of 
this  system  have  been  transferred  without  sensible  diminution  to 
every  catalogue  in  which  the  observations  depend  upon  Nautical 
Almanac  clock  stars.  At  English  observatories,  it  has  been  the 
custom  to  correct  the  positions  of  the  fundamental  stars  bjr  the 
observations  of  each  successive  year ;  but  this  has  produced  no 
sensible  effect  on  the  diminution  of  the  periodic  errors,  which  belong 
to  the  fundamental  system.  The  periodic  errors  of  the  American 
Ephemeris  follow  nearly  the  same  law  as  the  errors  of  the  Nautical 
Almanac,  but  their  magnitude  is  somewhat  reduced.  The  error  of 
equinox  is  also  less. 

Wolfers*  Tab.  Reg.,  upon  which  the  Berliner  Jahrbuch  is  based, 
has  no  well-defined  systematic  errors ;  and  the  correction  for  equi- 
nox is  nearly  the  same  in  amount  as  in  the  American)  Ephemeris, 
but  with  the  opposite  sign.  The  accidental  errors  seem  to  be 
rather  larger  than  in  the  system  of  the  American  Ephemeris. 

/.  A  general  estimate  may  be  formed  of  the  relative  magnitudes 
of  the  errors  of  secondary  catalogues  by  comparing  the  average 
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error  for  each  star  of  the  primary  catalogue.  The  oumbers  given 
below  represent  the  average  deviation  for  each  star,  expressed  in 
hundredths  of  seconds,  after  the  various  catalogues  have  been  re- 
duced to  a  common  equinox. 


Argelander 

Pulkowa 

Greenwich 

Greenwich 

D'Agelet  (Gould) *  . 

Cape  of  Good  Hope  (Henderson) 

Greenwich 

Greenwich 

Paris        

Washington 

Struve 

Cape  of  Good  Hope 

Raricliffe 

Greenwich ' 

Bessel      

Pond 

GUM* 

Madras  (Taylor) 

Cape  of  Good  Hope  (Fallows)     . 

RadclifTe 

Armagh        

Piazzi 

Bezel's  Bradley 

Lalande 

Lacaille 


Average 
error  for 

each  star. 

1830 

1.1 

1845 

1.1 

1845 

2.0 

]8<i0 

2.0 

1783 

2.2 

1833 

2.2 

1850 

2.2 

1871 

2.2 

1807 

2.4 

184<W2 

2.5 

1830 

2.5 

185IS 

2.8 

18410 

3.1 

1840 

3.1 

18*25 

3.2 

1830 

3.7 

1840 

3.8 

1830 

3.9 

1830 

3.9 

1845 

4.5 

1840 

5.0 

1800 

5.3 

1755 

7.9 

1800 

13.2 

1750 

24.9 

It  is  obvious  from  these  relations,  that  previous  to  about  1825 
the  magnitude  of  the  accidental  errors  of  observation,  combined 
with  the  errors  of  reduction,  prevents  any  definite  conclusions 
with  respect  to  the  periodic  errors  inherent  in  these  early  observa- 
tions. It  is  probable,  also,  that  early  observations  of  stars  of  the 
eighth  and  ninth  magnitudes  are  subject  to  a  class  of  errors  pecul- 
iar to  themselves,  the  nature  of  which  it  is  now  well  nigh  impossible 
to  determine. 

The  systematic  errors  in  declination  which  belong  to  the  various 
secondary  catalogues  named  are  even  more  marked  than  those  in 
right  ascension.  The  experience  of  Pond  in  1833  is  the  experience 
of  every  astronomer  who  has  attempted  to  compare  observations 
of  the  same  star  made  at  different  times,  under  different  circum- 
stances, with  different  instruments,  and  by  different  observers. 
He  says,  "With  all  these  precautions,  we  do  not  find,  by  compar- 
ing the  present  observations  with  those  of  Bradley  made  eighty 
years  ago  under  the  same  roof,  and  computed  by  the  same  table  of 
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refractions,  that  we  can  obtain  by  interpolation  any  intermediate 
catalogue  which  shall  agree  with  the  observations  within  the 
probable  limits  of  error." 

We  owe  to  the  investigations  of  Auwers  (Astron.  Nachr.,  nos. 
1532-1536),  the  first  definite  system  of  declinations  which  is 
measurably  absolute  in  its  character.  #  Yet  the  deviations  of  this 
system  from  that  derived  by  the  same  author,  but  from  much 
additional  data  in  Publication  xiv  of  the  Gesellschaft,  is  no  less 
than  1".2.  The  present  difference  outstanding  between  the 
Pulkowa  and  Greenwich  systems  at  10°  south  declination  is  1".7. 

Within  the  past  five  years,  the  'labors  of  Auwers,  of  Safford,  of 
Boss,  and  of  Newcomb,  have  resulted  in  the  establishment  of  a 
mean  system  of  declinations  from  which  accidental  errors  may  be 
considered  to  be  eliminated  in  case  of  a  large  number  of  stars ; 
but  the  different  systems  still  differ  systematically,  inter  se,  by 
quantities  which  are  considerably  greater  than  the  probable  error 
of  any  single  position. 

When  the  discussion  of  the  question  of  a  uniform  determination 
of  all  the  stars  in  the  northern  heavens  to  the  ninth  magnitude  was 
taken  up  by  the  Gesellschaft  at  its  session  in  Leipsic  in  1865, 
Argelander,  who  was  then  president  of  the  society,  appears  to  have 
been  the  only  astronomer  who  had  a  clear  apprehension  of  the 
difficulties  of  the  problem.  He  alone  had  detected  the  class  of 
eiTors  whose  existence  subsequent  investigations  have  definitely 
established.  He  alone  had  found  a  well-considered  plan  by  which 
these  errors  might  be  eliminated,  as  far  as  possible,  from  future 
observations. 

Argelander,  however,  always  claimed  for  Bessel  the  first  definite 
proposal  of  the  proposition  under  consideration  (see  Astron.  Nadir., 
vol.  i,  257).  It  was  in  pursuance  of  this  plan  that  the  zones  be* 
tween — 15°  and  -(-15°  in  declination  were  observed.  These  zones 
were  to  form  the  groundwork  of  the  Berlin  charts ;  and  Argelander, 
in  the  execution  of  the  Bonn  Durchmusterung  simply  carried  out 
the  second  part  of  Bessel's  recommendation. 

These  two  great  works  —  the  second  being  a  continuation  of  the 
first,  under  a  better  and  more  feasible  plan  —  are  the  only  ones  in 
existence  which  give  us  any  knowledge  of  the  general  structure  of 
the  stellar  system,  with  the  exception  of  the  observations  of  Cooper 
at  Makree  observatory,  and  the  charts  of  Chacornac. 
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The  observations  of  stars  to  the  ninth  magnitude,  found  in  the 
catalogues  of  Bessel,  Lalande,  and  Piazzi,  form  the  groundwork  of 
the  Berlin  charts.  The  coordinates  in  right  ascension  and  declina- 
tion of  the  stars  found  in  these  authorities  were  first  reduced  to  the 
epoch  1800  ;  the  resulting  right  ascension  being  given  to  seconds 
of  time,  and  the  declination  to  tenths  of  minutes  of  arc.  With 
these  places  as  points  of  reference,  all  other  stars  were  filled  in, 
down  to  the  ninth  magnitude,  by  observations  with  equatorial 
instruments.  The  work  was  divided  into  zones  of  one  hour  each. 
Bremiker  undertook  five  zones ;  Argelander  and  Schmidt,  two ; 
Wolfers,  three ;  and  Harding,  two.  The  remaining  zones  were 
undertaken  by  different  astronomers  in  widely  separated  localities. 
The  work  seems  to  have  been  performed  with  somewhat  unequal 
thoroughness,  some  zones  containing  nearly  all  the  stars  to  the 
ninth  magnitude,  while  in  others  a  large  number  of  stars  having 
this  limit  in  magnitude  are  wanting. 

The  Durchmusterung  undertaken  by  Argelander  at  Bonn  was  a 
far  more  serious  and  well-considered  undertaking.  This  unequalled 
work  consists  in  the  approximate  determination  of  the  coordinates 
of  324,198  stars  situated  between  —  2°  and  -f-  90°  declination.  It 
includes  stars  to  the  9.5  magnitude,  the  coordinates  being  given 
to  tenths  of  seconds  of  time,  and  the  declinations  to  tenths  of 
minutes  of  arc. 

The  first  definite  proposal  of  the  work  undertaken  by  the 
Gesellschaft,  however,  appeai'8  to  have  been  made  by  Bruhns.  In 
the  course  of  a  report  upon  the  operations  of  the  Leipsic  observa- 
tory, he  stated,  that,  in  bis  view,  the  time  had  come  for  undertak- 
ing a  uniform  system  of  determinations  of  the  places  of  stars  to 
the  ninth  magnitude  in  the  northern  hemisphere  by  means  of 
meridian  circles  but  he  proposed  at  the  same  time  that  the  position 
of  stars  fainter  than  the  ninth  magnitude  should  be  determined  by 
means  of  differential  observations  with  equatorial  instruments. 
After  explaining  certain  plans  and  arrangements  relating  particu- 
larly to  his  own  observatory,  he  introduced  the  following  resolu- 
tion :  — 

"The  Astronomische  Gesellschaft  regards  it  as  needful  that  all 
the  stars  to  the  ninth  magnitude,  occurring  in  the  Durchmusterung, 
should  be  observed  with  meridian  circles,  and  commissions  the 
council  to  arrange  for  the  execution  of  the  work." 
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This  proposal  occasioned  a  long  and  somewhat  animated  discus- 
sion, in  which  Argelander,  Hirsch,  Bruhns,  Forster,  Schonfeld,  and 
Struve  took  part. 

Argelander  declared  himself  surprised  at  this  proposal,  which 
called  for  the  rapid  realization  of  a  plan  of  organization  which  he 
had  been  considering  for  years  with  the  greatest  care,  the  difficul- 
ties of  which  he  had  maturely  considered,  and  the  execution  of 
which  still  demanded  the  most  careful  deliberation  and  preparation. 
One  of  the  necessary  preliminary  steps  was  a  plan  which  he  had 
already  prepared,  published  and  presented  to  the  society  in  an 
informal  way,  which  provided  for  contemporaneous  and  corre- 
sponding observations  of  the  brighter  stars.  As  president  of  the 
society,  he  felt  unequal  to  undertaking  the  charge  which  the 
acceptance  of  the  resolution  proposed  would  involve ;  as  this 
procedure  seemed  to  him  premature  without  previous  preparation. 
He  would  admit,  however,  that  every  call  to  action  of  this  kind 
tended  to  stimulate  enthusiasm,  and  shpuld  therefore  be  en- 
couraged ;  but  he  felt  obliged  to  ask  the  society  not  to  require 
from  him  the  immediate  execution  of  the  plan,  but  to  intrust  the 
serious  consideration  of  it,  and  the  preparation  for  it,  to  his 
zealous  friends  in  the  council. 

Upon  the  motion  of  Struve,  the  society,  by  a  rising  vote,  ex- 
pressed its  confidence  in  the  assurance  of  the  president  that  he 
would  bring  forward  his  plan  at  the  proper  time,  as  soon  as  the 
means  for  its  execution  could  be  assured. 

At  the  meeting  held  at  Bonn  in  1867,  Argelander  again  brought 
up  the  subject  in  a  communication  which  appears  to  have  been  an 
exhaustive  discussion  of  the  whole  problem.  This  paper  is  not 
printed  in  the  proceedings  of  the  Gesellschaft ;  but  at  its  conclu- 
sion a  committee  was  appointed  to  take  definite  action  with 
respect  to  the  recommendations  which  it  contained.  The  commit- 
tee reported  at  the  same  session ;  and  their  report,  which  is 
published  in  the  place  of  the  paper  presented  by  Argelander,  is 
probably  identical  in  substance  with  it.  The  plan  proposed  and 
adopted  was  finally  published  in  the  form  of  a  programme,  in 
which  the  details  of  the  work  are  arranged  with  considerable 
minuteness.  As  this  programme  has  been  widely  distributed,  it 
seems  unnecessary  to  give  anything  more  than  a  general  abstract 
of  it.     Since  it  differs  in  a  few  minor  points  from  the  first  report 
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of  the  committee  at  the  Bonn  meeting,  the  essential  features  of 
this  report  will  be  given  instead  of  an  abstract  of  the  programme 
itself. 
They  are  as  follows :  — 

a.  The  limits  in  declination  of  the  proposed  series  of  observa- 
tions are  —  2°  and  -\-  80°.  The  first  limit  was  chosen  on  account 
of  the  lack  of  suitable  fundamental  stars  south  of  the  equator.  It 
is  probable,  also,  that  Argelander  had  a  suspicion  of  the  fact, 
since  proven,  that  the  uncertainty  with  respect  to  the  systematic 
errors  of  southern  stars  is,  of  necessity,  considerably  greater  than 
for  northern  stars,  and  that  on  this  account  it  would  be  better  to 
defer  this  part  of  the  work  until  further  investigations  in  this 
direction  could  be  made. 

The  limit  -\-  80°  was  chosen  because  the  repetition  of  Carrington's 
observations  between  81°  and  90°  was  considered  superfluous,  and 
Hamburg  had  already  undertaken  the  extension  of  Carrington's 
observations  from  81°  to  80°. 

b.  Within  these  limits,  all  stars  in  the  Durchmusterung  to  the 
ninth  magnitude,  and,  in  addition,  all  stars  which  have  been  more 
exactly  observed  by  Lalande,  by  Bessel  at  Koenigsberg,  and  by 
Argelander  at  Bonn,  are  to  be  observed. 

c.  The  observations  are  to  be  differential.  The  clock  errors 
are  not  to  be  found  from  the  fundamental  stars  usually  chosen  for 
this  purpose,  and  the  equator  point  corrections  are  not  to  be  de- 
rived from  observations  at  upper  and  lower  culminations,  but  these 
elements  are  to  be  derived  from  a  series  of  500  or  600  stars, 
distributed  as  uniformly  as  possible  over  the  northern  heavens. 
The  exact  coordinates  of  these  are  to  be  determined  at  Pulkowa, 
thus  securing  the  unity  necessary  in  order  to  connect  in  one  sys- 
tem the  observations  of  different  zones. 

d.  Every  star  is  to  be  observed  twice.  If  the  two  observations 
differ  by  a  quantity  greater  than  ought  to  be  expected,  a  third 
observation  will  be  necessary. 

e.  In  order  to  facilitate  the  work,  it  will  be  desirable  to  use  only 
three  or  four  transit  threads,  and  only  one  or  two  microscopes. 
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In  order  to  facilitate  the  redactions  to  apparent  place,  the  working- 
list  of  stars  should  be  comprised  within  narrow  limits. 

/.  Before  the  commencement  and  after  the  close  of  each  zone, 
two  or  three  fundamental  stars  are  to  be  observed  upon  the  same 
threads  and  with  the  same  microscopes  as  were  used  in  the  zone 
observations.  When  the  seeing  is  not  good,  and  when  for  any 
other  cause  it  seems  desirable,  one  or  more  fundamental  stars  may 
be  observed  in  the  course  of  the  zone.  The  number  and  selection 
of  the  stars  will  depend  upon  the  character  of  the  instrument  em- 
ployed. If  it  remains  steady  for  several  hours,  and  has  no  strongly 
marked  flexure  or  division  errors,  or  if  these  errors  have  been 
sharply  determined,  the  fundamental  stars  may  be  situated  ten 
degrees  or  fifteen  degrees  away  from  the  zone  limits.  However, 
there  must  remain  many  things  for  which  no  general  rule  can  be 
given,  and  which  must  be  left  to  the  judgment  of  the  observer, 
aided  by  an  accurate  knowledge  of  his  instrument. 

g.  With  a  Repsold  or  a  Martin  instrument,  one  microscope  will 
be  sufficient,  if  its  position  with  respect  to  the  whole  four  can  be 
determined.  It  will  be  sufficient,  if  the  change  in  position  during 
the  observations  can  be  interpolated  to  0.2". 

It.  It  will  be  desirable  to  divide  beforehand  the  zones  into  such 
time  intervals  that  the  observations  can  be  easily  made. 

i.  Zones  exceeding  one  and  one-half  or  at  the  most  two  hours 
are  not  advisable,  first,  because  the  zero  points  will  be  too  far  apart, 
and  secondly,  because  a  longer  duration  will  involve  too  much 
fatigue  physically  and  mentally. 

At  the  conclusion  of  this  report,  all  the  astronomers  present 
who  were  willing  to  take  part  in  this  work  were  requested  to  com- 
municate with  the  council,  stating  the  region  of  the  heavens  which 
they  preferred  to  select  for  observation. 

At  this  meeting,  Berlin,  Bonn,  Helsingfors,  Leipsic  and  Mann- 
heim, signified  their  intention  to  share  in  the  work.  Leiden  also 
expressed  its  intention  of  taking  part  as  soon  as  the  work  already 
undertaken  should  be  completed. 

When  the  stars  to  be  observed  had  been  selected  from  the 
Durchmusterung,  it  was  found  that  the  number  would  not  vary  much 
from  100,000,  requiring  rather  more  than  200,000  observations. 
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Preparations  for  the  work  of  observation  were  immediately  com- 
menced ;  and,  by  the  time  of  the  next  report  in  1869,  consider- 
able progress  had  been  made. 

In  the  report  for  this  year,  the  provisional  places  of  a  catalogue 
of  539  fundamental  stars  were  published.  This  catalogue  is  com- 
posed of  two  parts.  The  list  of  Hauptsterne  consisting  of  336  stars 
to  the  fourth  magnitude,  had  been  previously  observed  at  Pulkowa 
by  Wagner  with  the  large  transit  instrument,  and  by  Gyld6n  with 
the  Ertel  vertical  circle.  The  list  of  Zusat-sterne  consists  of  203 
stars  fainter  than  the  fourth  magnitude.  As  the  details  of  the  work 
in  the  formation  of  the  provisional  places  of  the  stars  of  this  list 
are  not  given  in  the  report,  it  is  not  quite  clear  upon  what  authority 
they  rest.  The  work  assigned  to  the  Pulkowa  observatory  by  the 
zone  commission  was  the  exact  determination  of  the  places  of  the 
stars  of  this  list.  The  observations  were  undertaken  by  Gromadski 
with  the  Repsold  meridian  circle.  In  accordance  with  the  plan 
adopted,  each  star  was  observed  eight  times, —  four  times  in  each 
position  of  the  instrument.  The  observations  were  differential 
with  respect  to  the  Hauptsterne. 

The  results  were  published  by  Struve  in  1876 ;  and  the  places 
there  given  were  used  in  the  .first  reduction  of  the  Harvard  college 
observations  for  1874-75,  and  perhaps  in  some  other  cases  also. 

About  this  time  a  change  seems  to  have  been  made  in  the  origi- 
nal plan  with  respect  to  the  formation  of  the  final  catalogue  of 
fundamental  stars,  of  which  I  have  been  unable  to  find  a  clear  ac- 
count. The  original  intention  was  to  make  the  positions  depend 
entirely  upon  the  observations' at  Pulkowa.  The  zone  commission 
established  by  the  Gesellschaft,  however,  committed  the  forma- 
tion of  this  catalogue  to  Auwers ;  and  it  is  to  him  that  we  owe 
the  most  complete  and  most  perfect  catalogue  of  fundamental 
stars  yet  published.  The  Pulkowa  system  for  1865  was  adopted 
as  the  basis ;  but,  in  order  to  obtain  greater  freedom  from  acci- 
dental 8 tar 8,  the  final  catalogue  was  obtained  by  combining  with 
the  Pulkowa  series,  the  Greenwich  observations  from  1836  to  1876, 
the  Harvard  college  observations  for  1871-2,  the  Leipsic  obser- 
vations, in  declination  only,  between  1866  and  1870,  and  the  Lei- 
den observations  in  declination  between  1864  and  1870.  Before 
this  combination  was  made,  however,  these  observations  were  all 
reduced  to  the  Pulkowa  system. 
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The  following  observatories  have  taken  part  in  the  zone  obser- 
vations : — 


Observatories. 


Nikolaiew  .  .  . 
Albany  .... 
Lelpsic  .... 
Leinsic  .... 
Berlin  .... 
Cambridge  (Eng.) 
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Observatories. 


Lund  .... 
Bonn  .... 
Harvard  College 
Helsingfors .  . 
Christiana  .  . 
Dor  pat  .  .  . 
Kasan      .    .    . 


Limits  of 

zones  in 

declination. 


4-35*  to 

--40   ** 

--50 

--55 

--fi5 

--70 

--75 


ti 
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+40* 
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A5 

+«0 
70 
75 

H-S0 


The  zone  between  — 2°  and  +1°  was  originally  undertaken  at 
Palermo,  that  between  +1°  and  -(-4°  at  Neuch&tel,  that  between 
+4°  and  -f  10°  at  Mannheim,  and  that  between  +35°  and  +40° 
at  Chicago. 

In  the  latter  case,  the  great  fire  at  Chicago  crippled  the  resources 
of  the  observatory  to  such  an  extent,  that  Saflbrd  was  compelled 
to  relinquish  the  work,  which  was  at  that  time  quite  far  advanced. 

The  chief  items  in  connection  with  this  work  are  found  in  the 
accompanying  tabular  statement. 

Attention  was  called,  at  an  early  date,  to  the  importance  of  con- 
tinuing the  survey  of  the  northern  heavens  beyond  the  southern 
limit  fixed  by  Argelander.  The  preparation  necessary  for  the 
execution  of  this  work  consisted  in  the  extension  of  the  Durch- 
musterung  to  the  tropic  of  Capricorn.  This  was  undertaken  by 
Schonfeld.  + 

In  the  report  to  the  Gesellschaft  at  the  meeting  held  at  Stock- 
holm in  1877,  he  has  given  an  account  of  this  work,  in  which  he 
stated  that  it  was  sulliciently  near  completion  to  invite  the  consid- 
eration of  the  question  of  the  meridian  circle  determinations  of 
the  places  of  stars  to  the  ninth  magnitude.  The  lack  of  southern 
fundamental  stars  whose  positions  were  well  determined  was  still 
a  hinderance  to  the  immediate  commencement  of  the  work.  Rel- 
atively more  stars  of  this  class  are  required  than  in  the  northern 
observations,  in  order  to  eliminate  the  inequalities  due  to  refrac- 
tion.  Schonfeld  stated,  that,  while  the  burden  of  the  determi- 
nation of  the  places  of  these  southern  fundamental  stars  must  rest 
mainly  upon  southern  observations,  it  seemed  necessary  to  con- 
nect them  with  the  Pulkowa  system  by  a  connecting  link  (Mittel- 
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Sited),  through  observations  at  some  observatory  well  situated  for 
this  purpose.  At  this  meeting  Sande  Bakhuyzen,  at  Leiden,  gave 
notice  of  intention  to  take  part  in  this  work.  Gylden  urged  the 
importance  of  securing  the  cooperation  of  Melbourne ;  and  Peters 
Mggested  the  advantage  of  securing  Washington  as  an  additional 
**mean  term"  (V.  J.  S.,  1877,  p.  265). 

The  next  reference  to  this  work  is  contained  in  the  Vierteljahrs- 
•ohrift  for  1881,  xv,  p.  270.  A  list  of  three  hundred  and  three 
southern  stars  is  here  given,  whose  exact  places  were  at  that  time 
being  determined  at  Leiden  and  at  the  Cape  of  Good  Hope. 
This  list  was  selected  by  Schonfeld  and  Sande  Bakhuyzen,  in  a 
way  to  meet  the  requirements  referred  to  in  previous  discussions. 

A  final  catalogue  of  eighty-three  southern  fundamental  stars 
by  Auwers  appears  in  this  number  of  the  Vierteljahrsschrift.  The 
places  depend  upon  the  same  authorities  as  for  the  northern  stars, 
with  the  addition  of  the  Cape  of  Good  Hope  catalogue  for  I860, 
Williamstown,  Melbourne  for  1870,  and  Harvard  College  (Safford) 
for  1864.  For  stars  not  observed  at  Pulkowa,  the  general  cata- 
logue of  Yarnall  (1858-61),  and  the  Washington  observations, 
with  the  new  meridian  circle  between  1872  and  1875,  were  em- 
ployed. As  in  the  case  of  the  northern  stars,  these  observations 
are  all  reduced  to  the  Pulkowa  system  for  1865.  It  is  understood 
that  the  coordinates  of  the  list  of  three  hundred  and  three  stars 
are  to  depend  upon  this  extension  of  the  general  system  of  Publi- 
cation xiv,  to  the  limits  required  by  the  southern  Durchmusterung 
of  Schonfeld. 

It  would  be  surprising  if  all  the  conditions  of  success  were 
fulfilled  in  the  first  execution  of  a  work  having  the  magnitude,  and 
involving  the  difficulties,  of  the  scheme  of  observations  under- 
taken under  the  auspices  of  the  Gesellschaft.  The  extent  of  the 
discordances  which  are  to  be  expected  between  the  results  ob- 
tained by  different  observers  can  only  be  ascertained  when  the 
observations  b}r  which  the  different  zones  are  to  be  connected 
have  been  reduced.  Each  observer  extended  the  working-list  of 
his  own  zone  10'  north  and  south  ;  and  it  is  expected  that  a  suffi- 
cient number  of  observations  of  this  kind  have  been  made  to  deter- 
mine the  systematic  relations  existing  between  the  coordinates  of 
each  zone  with  those  of  its  neighbor. 

It  is  probable,    however,  that  the  experience  of  Gill  will  be 
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•  repeated  on  a  larger  scale.  In  1878  he  solicited  the  cooperation 
of  astronomers  in  the  determination  of  the  coordinates  of  twenty- 
eight  stars,  which  he  desired  to  employ  in  the  reduction  of  his 
helioraeter  observations  of  the  planet  Mars  for  the  purpose  of 
obtaining  the  solar  parallax.  The  results  obtained  at  twelve  ob- 
servatories of  the  first  class  are  published  in  vol.  xxxix,  p.  99,  of 
the  Monthly  Notices  of  the  Royal  Astronomical  Society.  Not- 
withstanding the  fact  that  the  final  values  obtained  at  each  obser- 
vatory depend  upon  several  observations,  the  average  difference 
between  the  least  and  the  greatest  results,  obtained  by  different 
observers  for  each  star,  is  0.24*  in  right  ascension  and  2.3"  in 
declination.  In  four  cases  the  difference  in  right  ascension  ex- 
ceeds 0.30%  and  in  four  cases  the  difference  in  declination  exceeds 
3.0". 

Even  after  the  results  are  reduced  to  a  homogeneous  system, 
the  following  outstanding  deviations  from  a  mean  system  are 
found : — 


Authority. 


Koenigsberg 
Melbourne  . 
Pulkovva 
Lcipsic  .  . 
Greenwich  . 
Berlin .     .     . 


A  a 


A  8 


$. 

--.()05 
--.02« 
--.005 
--.040 
--.009 

--.044 


Authority. 


—0.71 
—0.40 
4-0.  m 
4-040 
— O.ftO 
+0.07 


Leiden  .  .  . 
Paris  .... 
Washington  .  . 
Harvard  College, 
Conloha  .  .  . 
Oxford       .     .     . 


A  a 


s. 

—  .0">:t 
+.0.VS 
— .  1*20 
—.07-2 

—  .0*2 
+.070 


A    6 


—0.10 
+0.01 

--0.78 
--0.09 
—0.20 
+0/21 


The  observations  of  a  second  list  of  twelve  stars,  one-half  of 
the  number  being  comparatively  bright,  and  the  remaining  half 
faint,  showed  no  marked  improvement,  either  with  respect  to  the 
magnitude  of  errors  which  could  be  classed  as  accidental,  or  in 
regard  to  the  systematic  deviations  from  a  mean  system. 

This  discussion  revealed  one  source  of  discordance  which  will 
doubtless  affect  the  zone  observations,  viz. :  the  difference  between 
right  ascensions  determined  by  the  eye-and-ear  method,  and  those 
determined  with  the  aid  of  the  chronograph. 

The  programme  of  the  Gesellschaft  makes  no  provision  for  the 
elimination  of  errors  which  depend  upon  the  magnitude  of  the 
stars  observed  ;  but  special  observations  have  been  undertaken  at 
several  observatories  for  the  purpose  of  defining  the  relation  be- 
tween the  results  for  stars  of  different  magnitudes.  At  Harvard 
College  observatory,  the  direct  effect  of  a  reduction  of  the  magui- 
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tude  has  been  ascertained  by  reducing  the  aperture  of  the  tele- 
scope by  means  of  diaphragms.  Besides  this,  the  observations 
have  been  arranged  in  such  a  manner  that  an  error  depending  up- 
on the  magnitude  can  be  derived  from  an  investigation  of  the 
observations  upon  two  successive  nights. 

At  Leiden,  at  Albany,  and  perhaps  at  other  observatories,  the 
effect  of  magnitude  has  been  determined  by  observations  through 
wire  gauze.  But  notwithstanding  all  the  precautions  which  have 
been  taken  in  the  observations,  and  which  may  be  taken  in  the 
reductions,  it  will  undoubtedly  be  found  that  the  final  results  ob- 
tained will  involve  errors  which  cannot  be  entirely  eliminated. 

In  the  experience  of  the  speaker,  two  other  sources  of  error 
have  been  detected.  It  has  been  found,  that  there  is  a  well-defined 
equation  between  the  observations,  which  is  a  function  of  the 
amount,  and  the  character  of  the  illumination  of  the  field  of  the 
telescope.  It  has  also  been  found  that  observations  made  under 
very  unfavorable  atmospheric  conditions  differ  system atically  from 
those  made  under  favorable  conditions.  When  the  seeing  was 
noted  as  very  bad,  it  is  found  that  the  observed  right  ascensions 
are  about  .08'  too  great,  and  that  the  observed  declinations  are 
about  0.8"  too  great. 

There  are  doubtless  other  sources  of  error  which  the  discussion 
of  the  observations  will  bring  to  light.  The  effect  of  the  discov- 
ery of  these  and  other  errors  will  probably  be  to  hasten  the  repe- 
tition of  the  zone  observations  under  a  more  perfect  scheme, 
framed  in  such  a  manner  as  to  cover  all  the  deficiencies  which  ex- 
perience has  revealed,  or  may  yet  reveal.  The  labor  involved  in 
this  supplemental  survey  would  not  be  very  great,  since  the  object 
sought  would  be  accomplished  by  a  special  programme  of  obser- 
vation, involving  perhaps  one-tenth  of  thenumberof  observations 
made  in  the  present  survey.  One  would  not  probably  go  far 
astra}T  in  naming  the  year  1900  as  the  mean  epoch  of  the  new 
survey.  If  the  observations  are  again  repeated  in  1950,  sufficient 
data  will  then  have  been  accumulated  for  at  least  an  approximate 
determination  of  the  laws  of  sidereal  motion. 

What  is  the  present  state  of  our  knowledge  upon  this  subject? 
It  can  be  safely  said  that  it  is  very  limited.  First  of  all,  it  cannot 
be  affirmed  that  there  is  a  sidereal  system  in  the  sense  in  which  we 
speak  of  the  solar  system.  In  the  case  of  the  solar  system,  we 
have  a  central  sun  about  which  the  planets  and  their  satellites 
revolve  in  obedience  to  laws  which  are  satisfied  by  the  hypothesis 
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of  universal  gravitation.  Do  the  same  laws  pervade  the  inter- 
stellar spaces?  Is  the  law  of  gravitation  indeed  universal?  What 
physical  connection  exists  between  the  solar  system  and  the  un- 
numbered and  innumerable  stars  which  form  the  galaxy  of  the 
heavens?  Do  these  stars  form  a  system  which  has  its  own  laws 
of  relative  rest  and  motion  ?  or  is  the  solar  system  a  part  of  the 
stupendous  whole?  Does  the  solar  system  receive  its  laws  from 
the  sidereal  system  ?  or  did  Newton  indeed  pierce  the  depths  of 
the  universe  in  the  discovery  of  the  law  which  gave  him  immor- 
tality? Are  we  to  take  the  alternative  stated  by  Ball, —  either 
that  our  sidereal  system  is  not  an  entirely  isolated  object,  or  its 
bodies  must  be  vastly  more  numerous  or  more  massive  than  even 
our  most  liberal  interpretation  of  observations  would  seem  to  war- 
rant? Are  we  to  conclude,  for  example,  that  stars  like  1830 
Groombridge  and  a  Centauri,  "  after  having  travelled  from  an  in- 
finitely great  distance  on  one  side  of  the  heavens,  are  now  passing 
through  our  system  for  the  first  and  only  time,  and  that  after 
leaving  our  system  they  will  retreat  again  into  the  depths  of 
space  to  a  distance  which,  for  anything  we  can  tell,  may  be  prac- 
tically regarded  as  infinite?"  Can  we  assert  with  Newcomb,  that 
in  all  probability  the  stars  do  not  form  a  stable  system  in  the  sense 
in  which  we  say  that  the  solar  system  is  stable,  that  the  stars  of 
this  system  do  not  revolve  around  definite  attractive  centres? 
Admitting  that  the  solar  system  is  moving  through  space,  can  we 
at  the  present  moment  even  determine  whether  that  motion  is  rec- 
tilinear or  curved,  to  say  nothing  of  the  laws  which  govern"  that 
motion  ?  How  much  of  truth  is  there  in  the  conjectures  of  Wright, 
Kant,  Lambert,  and  Mitchel,  or  even  in  the  more  serious  conclu- 
sions of  Madler,  that  Alcyone  of  the  Pleiades  is  the  central  sun 
about  which  the  solar  system  revolves  ? 

These  are  questions  which,  if  solved  at  all,  must  be  solved  by  a 
critical  study  of  observations  of  precision  accumulated  at  widely 
separated  epochs  of  time.  The  first  step  in  the  solution  has  been 
taken  in  the  systematic  survey  of  the  northern  heavens  under- 
taken by  the  Gesellschaft,  and  in  the  survey  of  the  southern 
heavens  at  Cordoba  by  Dr.  Gould.  The  year  1875  is  the  epoch 
about  which  are  grouped  the  data  which,  combined  with  similar 
data  for  an  epoch  not  earlier  than  1950,  will  go  far  towards  clear- 
ing up  the  doubts  which  now  rest  upon  the  question  of  the  direc- 
tion and  the  amount  of  the  solar  motion  in  space ;  and  it  cannot 
be  doubted  that  our  knowledge  of  the  laws  which  connect  the  si- 
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dereal  with  the  solar  system  will  be  largely  increased  through  this 
investigation.  The  basis  of  this  knowledge  must  be  the  observed 
proper  motions  of  a  selected  list  of  stars,  so  exactly  determined 
that  the  residual  mean  error  shall  not  affect  the  results  derived  ; 
or,  failing  in  this,  of  groups  of  stars  symmetrically  distributed 
over  the  visible  heavens,  sufficient  in  number  to  affect  an  elimina- 
tion of  the  accidental  errors  of  observation,  without  disturbing 
the  equilibrium  of  the  general  system. 

For  an  investigation  of  this  kind,  a  complete  system  of  zone 
observations,  «at  widely  separated  intervals,  will  afford  the  neces-. 
sary  data,  if  the  following  conditions  are  fulfilled. 

First :  The  proper  motions  must  be  derived  by  a  method  which 
does  not  involve  an  exact  knowledge  of  the  constants  of  preces- 
sion. In  every  investigation  with  which  I  am  acquainted,  the  de- 
rived proper  motions  are  functions  of  this  element. 

Second:  The  general  system  of  proper  motions  derived  must 
be  free  from  systematic  errors.  Errors  of  this  class  may  be  in- 
troduced either  through  the  periodic  errors  inherent  in  the  system 
of  fundamental  stars  employed  in  the  reduction  of  the  zone  obser- 
vations, or  in  a  change  in  the  constants  of  precession.  It  is  in 
this  respect  that  the  utmost  precaution  will  be  required.  If  from 
any  cause  errors  of  even  small  magnitude  are  introduced  into  the 
general  system  of  proper  motions  at  any  point,  the  effect  of  these 
errors  upon  the  values  of  the  coordinates  at  any  future  epoch  will 
be  directly  proportional  to  the  interval  elapsed.  We  can,  there- 
fore, compute  the  exact  amount  of  the  accumulated  error  for  any 
given  time. 

When  thi9  test  is  applied  to  the  stellar  systems  independently 
determined  by  Auwers,  Satford,  Boss  and  Newcomb,  we  find  the 
following  deviations  inter  se  at  the  end  of  a  century. 


Maximum 

mean 

deviation  in  a 

century. 

Maximum 

systematic 

deviation  in  a 

century. 

Auwers 

minus  Safford   .     .     . 

A  a 

*— 0.22s. 

a  a 

+0.2" 

0.23s. 

1.1" 

Auwers 

minus  Bosh  .... 

- 

+0.8 

- 

2.1 

Auwers 

minus  Newcomb    .     . 

—0.0!) 

+0.8 

0.06 

2.2 

*  With  Bessel's  constants  of  precession. 
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It  is  the  common  impression,  that  both  the  direction  and  the 
amount  of  the  motion  of  the  solar  system  in  space  are  now  well 
established.  The  conclusions  of  Struve  upon  this  point  are  stated 
in  such  explicit  language  that  it  is  not  surprising  that  this  impres- 
sion exists.  He  says,  "  The  motion  of  the  solar  system  in  space 
is  directed  to  a  point  in  the  celestial  sphere  situate  on  the  right 
line  which  joins  the  two  stars  of  the  third  magnitude  r  and  to  Her- 
culis  at  a  quarter  of  the  apparent  distance  between  these  stars 
measured  from  r  Herculis.  The  velocity  of  this  motion  is  such 
that  the  sun,  with  the  whole  cortege  of  bodies  depending  on  him, 
advances  annually  in  the  direction  indicated,  through  a  space  equal 
to  1.623  radii  of  the  terrestrial  orbit  or  one  hundred  and  fifty-four 
millions  of  miles." 

It  must  be  admitted  that  there  is  a  general  agreement  in  the  as- 
signment by  different  investigators  of  the  coordinates  of  the  solar 
apex.     This  will  be  seen  from  the  following  tabular  values : 


Authorities. 


Iferpchel,  1783  . 
I'revoht  .  .  . 
Klugel,  1780 
Herschel.  1805  . 
Argelnnricr,  1837 
Luntlnhl  .  .  . 
Struve  .  .  . 
Gitlloway  .  . 
Madler     .     .     . 

Airy    .... 
Dunkin     .     .     . 


Right 
ascension. 


257°  00' 

230  00 

2(50  00 

245  52 

259  52 

252  24 

2<il  23 

257  04 

2K I  38 

\  256  54 

1 2<il  29 

201  14 

203  44 


Declinntion. 


4-25°    00' 
-25     00 


! 


--27 
--19 

-  -32 
--14 

-  -37 
--34 
--39 

-  -39 
--2H 
--12 
--25 


00 
38 
29 
26 
30 
18 
54 
29 
41 
55 
00 


In  estimating  the  value  which  should  be  attached  to  these  re- 
sults, several  considerations  must  be  taken  into  account. 

(a)  All  of  the  results  except  those  of  Galloway  depend  prac- 
tically upon  the  same  authorities  at  one  epoch,  viz.,  upon  Bradley. 

(b)  The  deviations  inter  se  probably  result,  in  a  large  measure, 
from  the  systematic  errors  inherent  in  one  or  both  of  the  funda- 
mental systems  from  which  the  proper  motions  were  derived.  For 
example,  Lundahl  employed  Pond  as  one  of  his  authorities,  and  it 
is  in  Pond's  catalogue  that  the  most  decided  periodic  errors  exist. 

(c)  Biot  in  1812,  Bessel  in  1818,  and  Airy  in  1859,  reached 
the   conclusion  that  the   certainty  of  the   movement  of  the  solar 
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system  towards  a  given   point   in   the  heavens  could  not  be  af- 
firmed. 

(d)  The  problem  is  indirect.  In  the  case  of  a  member  of  the 
solar  system,  exact  data  will  determine  the  exact  position  in 
orbit  at  a  given  time ;  but  here  we  have  neither  exact  data,  nor 
can  we  employ  trigonometrical  methods  in  the  solution.  We  sim- 
ply find  that  the  observed  proper  motions  are  probably  some- 
what better  reconciled  under  the  hypothesis  of  an  assumed 
position  of  the  apex  of  the  solar  motion.  The  method  of  inves- 
tigation employed  by  Safford,  who  has  of  late  years  given  much 
attention  to  this  subject,  consists  in  assuming  a  system  of  coor- 
dinates for  the  pole  of  the  solar  motion,  from  which  is  determined 
the  direction  each  star  would  have  if  its  own  proper  motion 
were  zero.  Comparing  this  direction  with  the  observed  direction 
as  indicated  by  the  observed  proper  motion,  equations  of  condi- 
dition  are  formed  from  which  a  correction  is  found  to  the  as- 
sumed position  of  the  apex,  by  the  method  of  least  squares. 

It  must  always  be  kept  in  mind,  that  the  quantities  with  which 
we  must  deal  in  this  investigation  are  exceedingly  minute,  and 
that  the  accidental  errors  of  observation  are  at  any  time  liable  to 
lead  to  illusory  results.  The  weak  link  in  the  chain  of  Madler's 
reasoning  is  to  be  found  here.  I  think  we  can  assume  0".2  as  the 
limit  of  precision  in  the  absolute  determination  of  the  coordinates 
of  any  star,  however  great  the  number  of  observations  upon 
which  it  depends.  Beyond  this  limit  it  is  impossible  to  go,  in 
the  present  date  of  instrumental  astronomy.  It  is  safe  to  say, 
that  there  is  not  a  single  star  in  the  heavens  whose  coordinates 
are  known  with  certainty  within  this  limit.  Do  not  misunderstand 
me.  Doubtless  there  are  many  stars  in  which  the  error  will  at 
some  future  time  be  found  to  fall  within  this  limit.  But  who  is 
prepared  to  select  a  particular  star,  and  say  that  the  absolute 
position  of  this  star  in  space  cannot  be  more  than  0".2  in  error? 

(e)  At  present  an  arbitrary  hypothesis  is  necessary  in  the  dis- 
cussion of  the  problem.  Airy  assumed  that  the  relative  distances 
of  the  stars  are  proportional  to  their  magnitudes  ;  and  he  found 
slightly  different  results  according  to  different  modes  of  treat- 
ment. Safford  in  his  investigation  made  use  of  a  device  which 
he  had  previously  employed  in  the  computation  of  the  differential 
coefficients  of  planetary  elements,  thereby  reducing  to  a  certain  ex- 
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tent  the  magnitude  of  the  residuals  between  observation  and  compu- 
tation to  quantities  of  the  second  order.  The  axis  of  Z  was  located 
in  the  direction  of  Argelander's  determination  of  the  apex  of  the 
solar  motion  or  in  right  ascension  259°  50". 8  and  declination  +32° 
29'.  1.  The  axis  of  X  was  placed  in  the  equator  in  right  ascension 
349°50'.8  and  that  of  Fin  right  ascension  79°  50'.8  and  in  declina- 
tion 57°  30'. 9.  When  the  reductions  to  these  three  axes  were  made, 
it  was  found  that  nearly  ail  of  the  motion  was  along  the  axis  of  Z 
as  was  to  be  expected  from  the  assumption  made.  The  tendency 
to  move  in  this  direction  was  therefore  primarily  assumed  to  re- 
present the  solar  motion.  Since  it  was  found  that  the  average  fac- 
tor, by  which  the  proper  motion  must  be  multiplied  in  order  to 
represent  this  tendency,  changes  only  in  a  slight  degree  with  the 
magnitude  of  the  proper  motion  itself,  the  proper  motion  was 
assumed,  as  a  first  approximation,  to  be  inversely  proportional  to 
this  element. 

Later  investigations  have  been  made  by  De  Ball  (Ueber  die 
eigene  Bewegung  des  Sonnensterns,  Bonn,  1877)  but  the  details 
have  not  yet  come  to  hand.  It  is  understood,  however,  that  his 
results  coincide  in  a  general  way  with  those  previously  obtained. 

The  most  recent  investigation  is  by  Bolte.  His  paper  may  be 
considered  as  a  numerical  application  of  the  formula?  by  which 
Schonfeld  has  attempted  to  express  the  relation  between  the  motion 
of  the  solar  system  and  a  systematic  rotation  of  the  fixed  stars 
which  is  assumed  to  take  place  in  a  direction  perpendicular  to  the 
plane  of  the  Milky  Way.  The  values  of  the  precession  constants 
derived  are  certainly  interesting,  but  they  can  hardly  be  considered 
decisive,  especially  in  view  of  the  fact  that  the  values  derived  from 
the  observed  declinations  alone,  do  not  agree  especially  well  with 
the  values  derived  from  the  right  ascensions. 

It  is  clear  from  this  brief  review,  that  we  have  here  a  field  of 
investigation  worthy  of  the  highest  powers  of  the  astronomer. 
The  first  step  has  been  taken  in  the  survey  of  the  heavens  carried 
on  under  the  auspices  of  the  Gesellschaft.  It  remains  for  the 
astronomers  of  the  present  generation  to  solve  the  difficulties 
which  now  environ  the  problem,  and  to  prepare  the  way  for  a  more 
perfect  scheme  of  observation  in  the  next  century. 
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To  the  President  op  the  University: 

Sir,  —  During  the  past  year  the  subscription  of  five  thousand 
dollars  annually  for  five  years,  which  was  secured  in  1878,  has 
expired.  To  replace  it  an  attempt  has  been  made  to  raise  by 
subscription  the  sum  of  one  hundred  thousand  dollars  as  a  per- 
manent fund.  Up  to  the  present  time  about  fifty  thousand  dol- 
lars have  been  promised  for  this  purpose,  the  income  of  which 
will  permit  a  large  amount  of  useful  work  to  be  carried  on  per- 
manently by  the  Observatory.  This  sum  will  be  sufficient  to  pre- 
vent the  sudden  restriction  of  scientific  operations,  which  would 
otherwise  have  been  inevitable  on  the  expiration  of  the  subscrip- 
tion of  1878.  It  is  hoped  that  additional  donations  may  eventu- 
ally increase  this  fund  to  one  hundred  thousand  dollars,  and  thus 
permit  the  same  degree  of  activity  to  be  maintained  as  during  the 
past  five  years. 

1  give  my  best  thanks  to  the  ladies  and  gentlemen  who  by 
their  generous  gifts  have  aided  the  Observatory  at  this  critical 
period  in  its  history.  Their  names,  with  the  amount  of  the  sub- 
scription of  each,  are  given  below  in  alphabetical  order.  Aster- 
isks indicate  subscribers  to  the  temporary  fund  of  1878,  as  well 
as  to  the  present  permanent  fund. 


List  of  Subscribers. 


NAME. 

A  Friend       .     . 

*  W.  Amory 
Francis  Blake    . 
*J.  I.  Bowditch 

*  Martin  Brimmer 
Shepherd  Brooks 
T.  Q.  Browne    . 

*  J.  A.  Burnham 
*C.  F.  Choate  . 
Wm.  Claflin .     . 
Alex.  Cochrane 

*  C.  P.  Curtis    . 
J.  C.  Delano 
W.  Endicott,  Jr. 

*  J.  M.  Forbes  . 

*  Geo.  Gardner  . 
*J.  L.  Gardner 
R.  C.  Green  leaf 
•Mrs.  A.  Hemenway 
*G.  Higginson  .     . 


AMOUNT.  NAME. 

$10,000  *H.  H.  Hunnewell 

2,000  S.  Johnson    .     .     . 

600  »H.  P.  Kidder  .     . 

5,000  A.  A.  Lawrence     . 

500  A.  T.  Lyman     .     . 

500  *  T.  Lyman  .     .     . 

500  *  W.  P.  Mason  .     . 

1,000  *F.  H.  Peabody     . 

500  *0.  W.  Peabody   . 

200  *E.  C.  Pickering   . 

200  II .  B.  Rogers     .     . 

1 ,000  *  Stephen  Salisbury 

250  *Mrs.  I).  Sears      . 

2,000  *  X.  Thayer .     .     . 

1,000  •C.E.Ware     .     . 

100  *Miss  Wigglesworth 

500  *  H.  C.  Winthrop  . 

500  R.  C.  Winthrop,  Jr. 

2,000  Mr.  and  Mrs.  J.  H.  Wolcott 
5,000 


AMOUNT. 

$1,000 

250 

2,485 

500 

500 

200 

200 

500 

250 

1,000 

1,000 

2,000 

200 

5,000 

500 

200 

250 

100 

200 


I  take  this  occasion  to  gratefully  acknowledge  the  aid  of  the 
Visiting  Committee,  to  whose  efforts  both  this  fund  and  the  sub- 
scription of  1878  are  due.  It  is  hoped  that  the  results  attained 
will  satisfy  the  friends  of  the  Observatory  that  this  increase  in 
income  has  been  a  judicious  application  of  money  to  scientific 
purposes.  The  increase  in  the  number  of  assistants  and  of  in- 
struments in  active  use  is  especially  to  be  noted. 

In  the  present  distribution  of  observatory  work,  my  own  obser- 
vations are  chiefly  made  with  the  large  equatorial  and  the  me- 
ridian photometer.  Mr.  Wendell  takes  part  in  the  observations 
with  both  these  instruments,  and  Professor  Searle  in  those  made 
with  the  equatorial.  Messrs.  Cutler  and  Eaton  assist  in  recording 
these  observations.  Their  reduction  is  carried  on  by  Miss  Farrar, 
Mrs.  Fleming,  and  Mr.  Cutler,  with  the  aid  and  partly  under  the 
supervision  of  Mr.  Wendell.  Their  preparation  for  the  press  and 
publication  are  conducted  by  Professor  Searle  and  myself.  The 
meridian  circle  remains  in  charge  of  Professor  Rogers,  who  is 
aided  in  the  observations  by  Mr.  Pratt,  and  in  their  reduction 
also  by  Mrs.  Rogers,  Miss  Saunders,  Miss  Bond,  Miss  Wiulock, 


and  Mr.  Eaton.  The  equatorial  mounted  in  the  small  dome  is 
actively  employed  by  Mr.  Chandler,  mainly  in  the  observation  of 
variable  stars.  He  is  assisted  in  the  reductions  by  Mr.  Metcalf. 
The  time  signals  are  in  charge  of  Mr.  Edmands.  The  meteor- 
ological observations  and  the  ordinary  business  matters  of  the 
Observatory  are  usually  conducted  by  Professor  Searle.  The 
computation  of  cometary  orbits  is  undertaken  by  Mr.  Chandler, 
and  the  announcements  of  astronomical  discoveries  and  results 
by  telegraph   or  by   published  circulars  are   in   charge   of   Mr. 

Ritchie. 

East  Equatorial. 

Eclipses  of  Jupiter's  Satellites.  —  Photometric  observations  of 
these  eclipses  have  been  continued  upon  the  system  adopted  in 
1878.  In  all,  two  hundred  and  forty  eclipses  have  now  been 
observed,  fifty-five  since  the  end  of  October,  1882.  Some  obser- 
vations were  also  made  last  spring  to  determine  the  accuracy 
with  which  occultations  and  transits  of  Jupiter's  satellites  could 
be  observed.  The  method  heretofore  in  use  has  been  to  observe 
the  times  of  contact,  but  these  are  not  easily  determined,  from 
the  indefinite  outlines  of  the  planet  and  its  satellites.  The  ob- 
servations just  mentioned  were  made  with  a  double  image  mi- 
crometer. An  image  of  the  satellite  was  placed  midway  between 
the  two  images  of  Jupiter,  and  the  time  of  the  setting  was  re- 
corded. Each  measure  of  this  kind  furnished  a  determination  of 
the  distance  between  the  centres  of  the  planet  and  satellite,  and  a 
large  number  of  measures  could  be  obtained  on  each  occasion 
instead  of  a  single  estimate  of  contact.  The  result  showed  that 
the  time  of  an  occultation  or  transit  could  thus  be  determined 
with  a  probable  error  of  about  nine  seconds,  which  is  less  than 
the  probable  error  in  observing  an  eclipse  by  the  old  method. 

Revision  of  Zone  Observation*.  —  The  stars  between  5C  and 
6(y  north  of  the  equator  for  the  epoch  1860,  and  occurring  either 
in  the  zones  published  in  Volume  VI.  of  the  annals  of  this  Obser- 
vatory or  in  the  Durchmusterung,  have  been  twice  observed  by 
Professor  Searle  with  the  modified  wedge  photometer  described 
in  the  last  Report,  The  transit  of  each  star  over  a  bar,  and  its 
subsequent  disappearance  in  the  wredge  were  recorded  by  the 
chronograph,  while  its  approximate  declination  was  estimated 
with  the  aid  of  three  transverse  bars  5'  apart.  The  reduction  of 
these  observations  is  far  advanced,  and  the  examination  of  dis- 


crepancies  between  them  and  those  made  under  Professor  Bond's 
direction  has  been  begun,  for  the  purpose  of  detecting  any  cases 
of  considerable  proper  motion  or  variability  which  may  exist  in 
this  zone  of  10'  in  width.  Differences  amounting  in  right  ascen- 
sion to  08.5,  and  in  declination  to  0'.5,  are  investigated  by  more 
accurate  observations  when  the  discrepancy  is  not  explained  by 
an  error  in  reduction.  A  difference  of  three  quarters  of  a  magni- 
tude in  the  two  separate  results  obtained  with  the  wedge  photo- 
meter is  also  regarded  as  large  enough  for  special  examination. 
The  number  of  stars  which  require  re-observation  does  not  thus 
far  seem  likely  to  be  great.  Even  a  merely  negative  result  with 
respect  to  proper  motion  will  have  some  interest,  as  it  will  tend  to 
establish  the  comparative  fixity  of  the  fainter  stars,  which  is  at 
present  assumed  rather  than  known.  As  Professor  Bond's  zone 
observations  were  finished  in  18G0,the  interval  between  them  and 
the  present  revision  is  sufficient  to  bring  into  notice  any  case  of 
annual  proper  motion  much  in  excess  of  1",  either  in  right  ascen- 
sion or  in  declination.  In  the  provisional  reduction  of  the  photo- 
metric portion  of  the  work,  the  scale  of  magnitude  is  made  to 
depend  upon  the  Durchmusterung,  but  it  is  expected  that  the 
meridian  photometer  will  soon  provide  the  means  for  a  more 
complete  reduction. 

Objects  having  singular  Spectra.  —  The  search  for  these  ob- 
jects has  been  continued  ;  the  regions  selected  for  examination 
have  been  chiefly  in  the  Milky  Way,  but  little  time  has  been 
devoted  to  this  work  on  account  of  the  use  of  the  large  telescope 
for  more  important  purposes. 

Standards  of  Stellar  Magnitude.  —  In  accordance  with  a  plan 
proposed  in  the  Proceedings  of  the  American  Association  for  the 
Advancement  of  Science,  xxx.  1,  it  is  intended  to  form  charts  of 
the  stars  in  small  areas  4m  in  extent  in  right  ascension  and  1C 
in  declination.  The  centre  of  each  area  follows  one  of  a  selected 
series  of  twenty-four  bright  equatorial  stars  at  an  interval  of  4m, 
in  the  same  declination.  Besides  making  the  charts,  it  is  pro- 
posed to  determine  the  magnitudes  of  a  sufficient  number  of  faint 
stars  in  each  region  to  exhibit  a  scale  of  magnitude  to  which 
reference  may  readily  be  made  by  observers  who  desire  their 
estimates  to  be  directly  comparable  with  those  of  others. 

In  obtaining  material  for  the  proposed  charts,  various  plans 
have  been  tried,  with  the  view  of  economizing  time  so  far  as 


practicable.  Data  have  been  collected  for  several  stars,  suffi- 
ciently complete  to  enable  the  construction  of  the  charts  to  be 
undertaken. 

Comets.  —  The  present  arrangements  for  the  distribution  of 
astronomical  intelligence,  to  be  further  mentioned  below,  in- 
sure the  early  receipt  at  this  Observatory  of  the  news  of  comet- 
ary  discoveries,  so  that  the  first  accurate  observations  of  a  comet 
may  often  be  made  here.  This  was  the  fact  with  regard  to  each 
of  the  two  comets  found  during  the  year.  The  observer  was  Mr. 
Wendell.  The  positions  he  obtained  were  extensively  employed 
in  the  computation  of  orbits  by  various  astronomers,  and  pre- 
ceded by  twenty-four  hours  those  obtained  elsewhere.  „ 

Variable  Stars. — The  large  telescope  has  been  frequently  used 
in  observing  variable  stars,  too  faint  to  be  visible  with  the  west 
equatorial,  the  work  of  which  is  mentioned  below.  The  collec- 
tion of  data  for  charts  of  the  immediate  neighborhood  of  many 
variable  stars  has  also  been  undertaken  with  the  large  telescope. 

Spectra  and  Color  of  Stars.  —  This  subject  has  long  been  un- 
der consideration,  in  the  hope  that  good  means  may  soon  be  found 
o£  determining  the  position  of  the  lines  and  the  distribution  of 
the  light  in  different  types  of  stellar  spectra.  As  yet,  the  obser- 
vations made  have  been  experimental  and  preliminary.  A  large 
spectroscope  was  ordered  from  Hilger,  of  London,  for  the  pur- 
pose of  research  in  this  direction,  and  was  received  early  in  1882. 
Owing,  however,  to  the  difficulty  which  the  maker  of  the  instru- 
ment found  in  understanding,  from  mere  correspondence,  the  es- 
sential objects  to  be  aimed  at  in  its  construction,  this  spectroscope 
has  not  proved  satisfactory  for  the  proposed  work.  A  more 
promising  form  of  apparatus  is  now  under  consideration. 

Meridian  Circle. 

After  an  interruption  of  about  a  year,  the  fundamental  obser- 
vations with  the  meridian  circle  were  resumed  on  February  8, 
1883.  Before  the  commencement  of  the  work  the  level  and 
azimuth  of  the  instrument  were  brought  nearly  to  zero,  by  scrap- 
ing the  segmental  bearings  of  the  pivots.  Between  February  8 
and  November  1,  2383  observations  were  made  of  the  fundamen- 
tal stars,  136  of  Polaris,  and  121  of  the  Sun,  making  in  all  2640. 
As  heretofore,  all  the  instrumental  constants  are  referred  to 
Polaris  alone.     An  average  of  10.5  independent  determinations 
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of  the  declination  of  this  star  have  been  made  at  each  transit. 
The  actual  number  of  declinations  observed  is  1420. 

The  level  of  the  instrument  as  determined  with  the  Clark  re- 
versible level  has  remained  remarkably  constant  during  the  year, 
the  entire  range  of  variation  having  been  only  0*.17.  The  indi- 
vidual measures  differ  on  the  average  by  about  08.02  from  the 
adopted  mean  values. 

As  formerly,  the  reversible  level  has  been  used  to  determine 
the  variation  of  the  index  error  of  the  circle  for  the  interval  dur- 
ing successive  transits  of  the  Pole  Star.  The  long  collimator  has 
been  used  for  the  same  purpose  during  observations  near  the 
equinoxes  ajid  the  solstitial  points ;  but  on  account  of  the  varia- 
tion of  the  fixed  point  of  the  collimator  during  the  daytime,  and 
especially  on  account  of  the  frequent  unsteadiness  of  the  image, 
the  results  obtained  are  far  less  satisfactory  than  those  derived 
from  the  level. 

A  series  of  observations  undertaken  for  the  determination  of 
the  longitude  of  McGill  College  Observatory,  Montreal,  extended 
from  June  2  to  June  23  inclusive.  The  plan  of  the  campaign  in- 
volved an  exchange  of  observers  in  addition  to  the  determination 
of  personal  equation  by  the  usual  methods.  Accordingly,  after 
three  nights  at  Cambridge  and  Montreal,  Professor  Rogers  ex- 
changed stations  with  Professor  McLeod.  The  results  for  per- 
sonal equation  at  each  station  are  as  follows  :  — 

Montreal.  Cambridge. 

Rogers,  minus  McLeod.  Rogers,  minus  McLeod. 
June  13  +  .090'.  June  28  +  .143*. 

June  14  +  -HI-  J»ne  30  -f  .144. 

The  observations  at  Cambridge  were  made  with  the  Russian 
Transit,  but  simultaneous  observations  were  made  with  the  meri- 
dian circle  by  Mr.  Brown.  The  whole  number  of  observations 
made  during  the  series  is  about  400,  and  their  reduction  is  nearly 
completed. 

After  the  completion  of  the  reduction  to  1875.0  of  the  zone  ob- 
servations made  between.  1870  and  1879,  it  was  found  by  direct 
comparison  with  the  Durchmusterung  positions  brought  forward 
to  the  same  epoch,  that  observations  wrere  wanting  for  306  stars. 
It  was  also  found  that  in  many  cases,  especially  between  19  hours 
and  1  hour  of  right  ascension,  the  wrong  star  was  observed  when 
there  were  two  or  more  stars  in  the  same  field.     During  the  obser- 


vations  no  less  than  528  stars  were  for  various  causes  marked  in 
the  observing  records  as  not  seen.  Since,  in  a  large  number  of 
cases,  the  failure  to  observe  was  due  to  the  faintness  of  the  stars 
under  a  bright  field  illumination,  it  was  thought  desirable  to  im- 
prove the  character  of  the  illumination  before  commencing  the 
work  of  re-observation.  Accordingly,  Mr.  George  B.  Clark,  after 
a  series  of  experiments  with  a  dark  field  illumination  for  lines 
ruled  upon  glass,  arranged  a  set  of  mirrors  in  the  tail-piece  of  the 
telescope,  by  which  the  light,  passing  from  a  lamp  swinging  upon 
gimbals,  through  an  opening  in  the  tube,  is  thrown  down  upon 
the  glass  plate  in  two  planes  at  an  angle  of  about  45°. 

When  a  red-shade  glass  is  interposed,  an  even  illumination  is 
obtained,  under  which  stars  of  the  tenth  or  eleventh  magnitude 
can  be  easily  seen. 

The  re-observation  of  the  scattering  zone  stars  was  begun  Oc- 
tober 9,  and  between  this  date  and  November  1,  512  observations 
were  made.  The  gap  which  has  been  filled  extends  from  19h 
40m,  to  lh. 

The  reduction  to  1875.0  of  the  zone  observations  made  between 
1870  and  1879  has  been  completed.  The  reduction  of  the  obser- 
vations of  fundamental  stars  for  the  same  interval  is  also  com- 
pleted. The  entire  computing  force  assigned  to  the  Meridian 
Circle  is  now  engaged  in  the  preparation  of  copy  for  publication. 
This  work  will  be  completed  in  about  five  weeks. 

It  will  be  seen  therefore  that  practically  two  volumes  are  ready 
for  publication.  The  third  volume,  containing  the  observations 
of  secondary  stars  brighter  than  the  magnitude  6.5  and  the  final 
catalogues,  is  in  a  forward  state  of  preparation. 

The  final  catalogues  will  depend  upon  about  46,600  observa- 
tions, distributed  as  follows :  observations  of  zone  stars,  24,300  ;  . 
of  primary  stars,  15,200 ;  of  secondary  stars  brighter  than  the 
magnitude  6.5,  7,100. 

Meridian  Photometer. 

The  position  of  this  instrument,  as  a  permanent  portion  of  the 
Observatory  work,  may  now  be  regarded  as  fairly  established. 
After  a  thorough  trial  it  has  shown  itself  capable  of  determining 
absolute  stellar  magnitudes  more  satisfactorily  than  any  other 
photometer  that  we  have  tried.  It  bears  the  same  relation  to 
photometry  that  a  transit  circle  does  to  measurements  of  position, 
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and  will  be  regarded  as  the  standard  to  which  all  our  other 
measures  will  be  reduced.  As  it  is  capable  of  measuring  any 
star  of  the  ninth  magnitude  or  brighter,  its  field  of  work  is,  for 
the  present,  indefinitely  great.  We  are  now  able  to  determine 
satisfactorily  the  brightness  of  any  such  stars  when  they  are  de- 
sired for  any  special  purpose  by  other  astronomers. 

One  hundred  and  thirty-three  series,  including  about  twenty 
thousand  sittings,  have  been  made  since  November  1, 1882,  by  Mr. 
Wendell  and  myself.  The  most  important  investigation  in  prog- 
ress has  been  the  revision  of  the  Durchmustcrung  magnitudes. 
The  results  of  the  estimates  of  brightness  made  at  thirteen  obser- 
vatories, and  extending  over  a  period  of  ten  or  fifteen  years,  will 
thus  be  brought  together  and  reduced  to  a  single  system. 

The  stars  adopted  as  standards  in  the  Uranometria  Argentina, 
have  been  observed  with  this  instrument  on  at  least  three  nights 
each.  The  scale  has  thus  been  determined  in  terms  of  the  photo- 
metric scale.  A  comparison  lias  also  been  made  with  the  meas- 
ures of  the  brighter  of  these  stars,  obtained  with  the  small 
meridian  photometer.  The  results  with  the  new  instrument  are 
on  the  average  0.04  magnitudes  fainter.  This  difference  is  so 
small  that  its  existence  may  be  regarded  as  doubtful.  No  system- 
atic difference  depending  upon  the  right  ascension  is  perceptible. 
On  the  other  hand,  a  comparison  with  the  Durchrausterung,  Urano- 
metria Argentina,  and  a  series  of  eye  estimates,  indicate  well- 
marked  systematic  errors  in  these  catalogues,  due  to  the  presence 
of  the  Milky  Way.  In  seven  and  eighteen  hours  of  right  as- 
cension the  stars  are  estimated  two  or  three  tenths  of  a  maguitude 
too  faint  in  each  of  these  catalogues.  The  proximity  of  bright 
stars,  especially  those  in  Orion,  appears  a  reasonable  explanation 
of  this  source  of  error. 

Some  miscellaneous  observations  have  also  been  taken,  or 
which  the  most  interesting  are  those  of  Neptune,  of  the  com- 
parison stars  of  8  Ca ncri,  and  of  other  variables.  Observations 
of  Neptune  on  eleven  nights  give  its  light  as  7.71  ±  .02. 

Miscellaneous. 

Variable  Stars. — The  study  of  the  variable  stars  by  Mr. 
Chandler  has  been  an  important  part  of  the  Observatory  work~ 
The  bibliography  is  nearly  completed  so  far  as  the  first  extraction, 
of  references  is  concerned.    Notes  have  been  prepared  to  exhibi#> 
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the  evidence  of  variability  which  has  been  published  with  regard 
"to  about  twelve  hundred  stars.  This  list  excludes  many  cases 
in  which  the  evidence  is  entirely  inadequate.  A  table,  giving  all 
the  published  maxima  and  minima  of  each  of  the  variables  of  long 
period,  is  now  in  process  of  construction.  The  preparation  of 
this  table  has  led  to  the  important  result  that  an  interval  of 
several  years  occurs  in  which  no  observations  appear  to  have 
been  made  of  about  thirty  of  these  objects.  About  one  hundred 
and  forty  stars  belong  to  this  class,  and  since  last  April  all  of 
them  have  been  observed  by  Mr.  Chandler,  with  the  six-inch  Clacey 
Equatorial  mounted  in  the  west  dome.  According  to  the  present 
plan  of  work,  he  observes  each  of  these  stars  at  least  twice  a 
month,  and  more  frequently  during  its  brightest  phases.  Charts  of 
bhe  vicinity  of  these  variables  have  been  prepared,  and  some  prog- 
ress made  towards  their  completion.  Similar  charts  have  been 
made  for  about  seventy  telescopic  stars  suspected  of  variability, 
Bind  nearly  two  hundred  observations  of  these  stars  have  been 
obtained.  The  color  of  the  variable  stars  is  also  estimated,  about 
bhree  hundred  observations  of  this  class  having  already  been 
made. 

A  circular  was  distributed  asking  the  aid  of  amateurs  and 
others  in  the  observation  of  stars  known  or  suspected  to  be  vari- 
able. It  is  believed  that  by  co-operation  much  valuable  material 
may  be  collected  and  much  time  saved.  Numerous  replies  have 
been  received  and  important  results  have  been  obtained,  especially 
by  Mr.  H.  M.  Parkhurst,  of  New  York,  and  by  the  Rev.  J.  Hagen, 
S.  J.,  of  Prairie  du  Chien,  Wisconsin.  The  great  difficulty  en- 
countered by  most  of  the  observers  was  that  of  identifying  with 
certainty  the  fainter  stars,  although  this  is  one  of  the  first  things 
fchat  should  be  learned  by  any  person  desiring  to  do  useful  astro- 
nomical work. 

Astronomical  Photography.  —  With  the  assistance  of  Mr.  W.  H. 
Pickering,  Instructor  in  Physics  at  the  Massachusetts  Institute  of 
Technology,  an  investigation  was  undertaken  in  astronomical 
photography.  Two  objects  were  kept  in  view :  first,  the  determi- 
nation of  the  light  and  color  of  the  brighter  stars,  and,  secondly,  the 
construction  of  a  photographic  map  of  the  whole  heavens.  After 
numerous  preliminary  observations,  a  method  was  employed  by 
which  a  photograph  of  the  brighter  stars  included  in  about  one- 
twelfth  of  the  entire  heavens  could  be  obtained  on  a  single  plate. 
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Maps  were  also  obtained  containing  a  region  of  about  15°  square, 
containing  stars  as  faint  as  the  eighth  magnitude.  The  color  exer- 
cised a  marked  influence  on  the  intensity  of  the  photographic 
images,  in  some  cases  producing  a  difference  equivalent  to  four 
magnitudes.  It  is  thought  that  photography  may  offer  the  most 
delicate  test  we  yet  have  of  the  color  of  a  star,  —  differences  too 
small  to  be  perceptible  by  the  eye  becoming  distinctly  visible  in 
the  photographic  images. 

A  circular  has  been  issued  to  request  the  donation  of  specimens 
of  astronomical  photography,  to  be  added  to  those  already  be- 
longing to  this  Observatory.  Many  of  the  early  efforts  to  render 
this  mode  of  research  available  were  made  by  Professors  W.  C. 
and  G.  P.  Bond,  and  the  numerous  results  of  their  work  now 
preserved  here  have  great  historical  interest.  The  photographs 
of  the  solar  eclipses  of  1869  and  1870,  taken  under  the  direction 
of  Professor  Winlock,  form  another  important  portion  of  the  col- 
lection. It  is  hoped  that  the  additional  specimens  received  in 
response  to  the  circular  will  permit  the  formation  here  of  a  series 
fully  illustrating  the  origin  and  progress  of  astronomical  photo- 
graphy. Many  fine  examples  of  the  art  have  already  been  pre- 
sented  to  the  Observatory.  It  is  intended  hereafter  to  issue  a 
catalogue  of  the  collection,  in  which  the  proper  acknowledgment 
will  be  made  of  the  liberality  of  each  contributor  to  it.  It  will 
be  desirable  at  the  same  time  to  indicate  the  existence  of  other 
important  astronomical  photographs,  and  the  places  where  they 
are  preserved.  Information  of  this  description  will  accordingly, 
be  gratefully  received.  Original  negatives,  or  prints  on  glass  from 
such  originals  are  especially  welcome,  since  they  are  free  from 
many  of  the  defects  of  paper  prints.  Much  inconvenience  and 
delay  in  the  reception  of  these  specimens,  and  of  any  gifts,  in- 
tended for  the  Observatory  which  cannot  be  sent  by  mail,  may 
be  avoided  by  forwarding  them  by  a  vessel  bound  for  Boston, 
instead  of  by  one  destined  for  New  York. 

Time  Signals.  —  The  attention  of  the  public  has  been  directed 
to  this  department  of  our  work  by  the  introduction  of  the  new 
system  of  standard  time.  The  policy  of  this  Observatory,  with 
regard  to  the  change,  has  been  to  avoid  taking  any  action  tending 
to  force  it  upon  the  public  against  their  wishes,  but  to  point  out, 
and  so  far  as  possible  to  avert  the  difficulties  that  would  arise 
should  two  systems  of  public  time  remain  in  general  use.    An 
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irly  decision  was  required,  since  the  railroads  centring  in 
ostou  made  their  assent  to  the  change  conditional  on  the 
Joption  of  the  new  time  in  dropping  the  Boston  time-ball. 
ction  was  delayed,  however,  until  the  official  assent  of  the  city 
r  Boston  had  been  given  to  the  adoption  of  the  new  time  for  strik- 
ig  the  hour-bells  and  for  the  public  clocks.  The  unanimity  and 
ise  with  which  the  community  adopted  the  new  time  was  largely 
lie  to  the  activity  of  Mr.  Edmands,  Assistant  in  Charge  of  the 
ime  Service. 

It  is  probable  that  the  use  of  our  signals  will  soon  be  extended 
y  the  introduction  of  new  devices.  The  Rhode  Island  Electric 
ompany  and  the  New  England  Telephone  and  Telegraph  Com- 
any  are  now  receiving  our  signals  without  charge  while  they 
induct  experiments  with  this  view. 

The  Boston  time-ball  was  dropped  on  361  days,  at  noon,  —  on 
21  days  by  telegraph,  and  on  40  days  by  hand.  On  four  days  it 
tiled  to  drop  at  noon,  but  was  dropped  five  minutes  later,  —  on 
iree  days  by  telegraph  and  on  one  day  by  hand,  —  according  to 
le  usual  arrangement.  On  December  6,  1882,  the  ball  was 
ropped  at  8h.  30  m.  a.m.,  and  at  4h.  0  m.,  p.m.,  as  well  as  at 
oon,  for  the  benefit  of  those  desirous  of  making  exact  observa- 
ons  of  the  transit  of  Venus. 

Telegraphic  Announcements.  —  The  system  of  announcing 
stronomical  discoveries  employed  here  for  some  years  past  has 
jceived  an  important  extension  during  the  last  year.  An  asso- 
iation  of  over  fifty  European  observatories  has  been  formed,  with 
:s  headquarters  at  Kiel,  for  the  purpose  of  expediting  the  an- 
ouncement  of  astronomical  discoveries.  The  Smithsonian  Insti- 
ltion,  which  had  for  many  years  rendered  an  important  service 
)  astronomy  by  transmitting  astronomical  telegrams  between 
lurope  and  America,  courteously  signified  its  readiness  to  trans- 
sr  this  function  to  the  Observatory  of  Harvard  College,  upon 
earning  that  this  Observatory  was  prepared  to  undertake  it. 
'he  change  was  announced  by  a  circular  issued  by  the  Smith- 
3nian  Institution  on  January  10,  1883,  and  since  that  time  the 
observatory  has  distributed  in  this  country  the  astronomical 
itelligence  received  from  the  European  association,  and  has 
>rward(5d  to  Kiel  information  of  American  discoveries. 

The  Observatory  is  fortunate  in  having  secured  the  assistance 
f  Mr.  John  Ritchie  to  take  charge  of  this  department  of  its  work. 


Both  Messrs.  Chandler  and  Ritchie,  by  whom  the  present  system 
of  telegraphing  astronomical  announcements  was  devised  and 
carried  into  effect,  are  therefore  now  included  in  the  corps  of  the 
Observatory. 

The  early  transmission  by  telegraph  of  observations  and  com- 
puted elements  of  comets  between  this  observatory  and  that  of 
Lord  Crawford  at  Dun  Echt  is  continued  as  in  former  years.  The 
similar  interchange  of  information  with  Dr.  Oppenheim  of  Berlin 
is  likewise  maintained.  The  intelligence  thus  transmitted  is  dis- 
tributed in  Europe  and  here  by  means  of  special  circulars. 

Transit  of  Venus,  1882.  —  For  reasons  stated  in  the  last  Re- 
port, no  elaborate  preparations  were  made  at  this  Observatory  for 
observing  the  transit  of  Venus  on  the  sixth  of  last  December. 
But  as  the  weather  was  favorable  during  most  of  the  day,  a  con- 
siderable number  of  observations  was  obtained.  Six  telescopes 
were  employed  in  observing  the  contacts.  With  the  large  equa- 
torial, photometric  and  spectroscopic  observations  were  also  un- 
dertaken. The  photometric  measures  furnished  the  result  that 
the  relative  light  of  the  Sun  and  Venus  was  in  the  ratio  of  100  to 
1.6,  while  the  light  of  the  sky  surrounding  the  Sun  would  be  ex- 
pressed on  the  same  scale  by  7.5.  This  comparative  darkness  of 
Venus  with  respect  to  the  sky  was  confirmed  by  direct  observa- 
tion. The  spectroscope  furnished  no  evidence  of  an  atmosphere 
surrounding  Venus  ;  but  the  dispersion  employed  was  not  large. 

The  diameter  of  Venus  was  carefully  determined  by  Professor 
Rogers  and  Mr.  Chandler,  with  the  results  16".09  and  16\85. 
The  method  employed  was  that  of  transits  over  inclined  lines. 
An  account  of  all  these  observations  appears  in  the  Proceedings 
of  the  American  Academy  of  Arts  and  Sciences,  XVIII.  15. 

Almucantar.  —  An  interesting  series  of  observations  has  been 
made  by  Mr.  Chandler  to  test  the  merits  of  an  instrument  de- 
vised by  him  some  years  ago.  It  consists  essentially  of  a  tele- 
scope floating  upon  mercury,  and  is  designed  for  the  observation 
of  transits  over  given  parallels  of  altitude.  Its  name  has  been  de- 
rived from  this  circumstance.  This  instrument,  although  having 
an  objective  of  only  If  inches  aperture,  has  given  results  of  a 
high  degree  of  accuracy,  the  probable  error  of  a  single  determina- 
tion of  zenith  distance  being  0."5  to  0."6.  Mr.  Chandler  is  now 
directing  the  construction  of  a  large  instrument  of  the  same  kind 
with  a  telescope  five  inches  in  aperture,  and  intends  to  apply  it 
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certain  important  problems  in  practical  astronomy,  for  the 
lution  of  which  it  possesses  advantages  over  other  astronomical 
strument8. 
While  passing  last  summer  in  Europe,  I  visited  the  observatories 

Greenwich,  Oxford,  Cambridge,  Paris,  Brussels,  Bonn,  Stras- 
irg,  Berne,  Geneva,  Milan,  Vienna,  Berlin,  and  Potsdam,  and 
e  private  observatories  of  Dr.  Huggins,  of  Mr.  Common,  and  of 
r.  Ranyard.  I  was  also  enabled  to  present  some  of  the  results 
work  in  progress  here  at  meetings  of  the  Royal  Astronomical 
►ciety  at  London,  the  Astronomische  Gcsellschaft  at  Vienna,  and 
8  Liverpool  Astronomical  Society.  The  most  important  result 
my  journey  was  the  acquisition  of  copies  of  some  valuable  un- 
blished  manuscripts.  By  the  courtesy  of  Lady  Hcrschel  and  of 
eutenant-Colonel  John  Hcrschel,  I  was  permitted  to  examine 
3  original  manuscripts  of  Sir  William  Hersehel's  observations  of 
3  light  of  the  stars.  This  led  to  the  discovery  of  two  unpublished 
talogues,  of  which  I  was  allowed  to  make  a  copy.  The  reduc- 
>n  of  the  four  published  catalogues  by  means  of  our  photometric 
»asurcs  has  already  been  mentioned  in  my  last  Report.  The  two 
ditional  catalogues  furnish  means  for  completing  this  work,  so 
at  we  have  now  a  most  valuable  determination  of  the  light  of 
.  the  stars  in  Flamstced's  Catalogue  at  a  time  when  no  other 
timates  of  their  light  are  known  to  exist.  By  the  kindness  of 
•ofessor  Schonfeld,  Director  of  the  Bonn  Observatory,  I  was 
rmitted  to  make  a  copy  of  the  unpublished  observations  of  vari- 
le  stars  made  by  the  late  Professor  Argeiander  after  the  publi- 
tion  of  Volume  VII.  of  the  Bonn  Annals.  These  manuscripts 
11  be  very  valuable  in  connection  with  the  bibliography  to  which 
ference  has  already  been  made. 

Publications. 

The  printing  of  Volume  XIV.  of  the  Observatory  Annals  has 

me  on  steadily  during  the  year,  the  printers  having  constantly 

en  supplied  with  copy. 

The  publications  named  below  have  appeared  since  the  similar 

it  in  the  last  Report  was  drawn  up,  either  as  official  communica- 

>ns  from  the  Observatory,  or  as  papers  prepared  by  its  officers 

dividually. 

Thirty-seventh  Annual  Report. 

Statement  of  work  done  at  the  Harvard  College  Observatory 
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during  the  years  1877-82.    By  Edward  C.  Pickering.   Cambridge, 
1882. 

First  Circular  of  Instructions  for  Observers  of  Variable  Stars, 
acting  in  co-operation  with  the  Harvard  College  Observatory, 
dated  January  27,  1883. 

Circulars  relative  to  the  Collection  and  Distribution  of  Astronom- 
ical Intelligence.     Cambridge,  1883. 

On  the  Telegraphic  Transmission  of  Astronomical  Data.  Part 
ii.     The  Phrase  Code. 

Circular  on  Astronomical  Photography,  dated  February  21, 1883. 

Address  by  Professor  Pickering  at  the  June  Meeting  of  the 
Royal  Astronomical  Society.  The  Observatory,  vi.  199.  As- 
tronomical Register,  xxi.  150. 

Address  by  Professor  Pickering  at  the  Second  Annual  Gen- 
eral Meeting  of  the  Liverpool  Astronomical  Society.  Abstract  of 
Proceedings,  2.     Astronomical  Register,  xxi.  278. 

The  Wedge  Photometer.  By  Edward  C.  Pickering.  Proc.  Am. 
Acad,  of  Arts  and  Sciences,  xvii.  231. 

Observations  of  the  Transit  of  Venus,  December  5  and  6, 1882, 
made  at  the  Harvard  College  Observatory.  Edward  C.  Picker- 
ing, Director.     Id.  xviii.  15. 

On  a  Method  of  determining  the  Index  Error  of  a  Meridian 
Circle  at  any  Instant,  depending  upon  the  observed  Polar  Dis- 
tance of  Polaris.     By  W.  A.  Rogers.     Id.  xviii.  284. 

Studies  in  Metrology.     By  W.  A.  Rogers.     Id.  xviii.  287. 

On  the  Reduction  of  Different  Star  Catalogues  to  a  Common 
System.  By  W.  A.  Rogers.  Id.  xviii.  399 ;  Astronomische 
Nachrichten,  cvi.  257. 

A  Study  of  the  Centimeter  marked  "  A,"  prepared  by  the  U.  S. 
Bureau  of  Weights  and  Measures  for  the  Committee  on  Microme- 
try. By  W.  A.  Rogers.  Proc.  Am.  Soc.  of  Microscopists,  1883, 
p.  184. 

A  Critical  Study  of  the  Action  of  a  Diamond  in  ruling  Lines 
upon  Glass  and  Metals.     By  W.  A.  Rogers.     Id.  p.  149. 

Note  on  Probable  Errors.     By  W.  A.  Rogers.     Id. 

Vice-President's  Address  on  the  German  Survey  of  the  North- 
ern Heavens.  By  W.  A.  Rogers.  Proc.  Am.  Assoc,  for  the 
Advancement  of  Science,  1883,  p.  53. 

Results  of  Tests  with  the  Almucantar  in  Time  and  Latitude. 
By  S.  C.  Chandler,  Jr.    Id.    (Also  Sidereal  Messenger,  ii.  269.) 
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Mountain  Observatories.  By  Edward  C.  Pickering.  Appa- 
lachia,  iii.  H9.     The  Observatory,  vi.  287. 

Ou  the  Orbit  of  the  Great  Comet.  By  S.  C.  Chandler,  Jr. 
Astronomische  Nachriehten,  ciii.  347. 

On  the  Orbit  of  the  Great  Comet.  By  S.  C.  Chandler,  Jr. 
Id.  ciii.  381. 

Elements  of  Comet  1882,  I.     By  0.  C.  Wendell.     Id.  civ.  287. 

Elements  and  Observations  of  the  Comet  1883,  Brooks-Swift. 
By  S.  C.  Chandler,  Jr.     Id.  cv.  127. 

Epheraeris  of  Comet  1883,  Brooks-Swift.  By  John  Ritchie, 
Jr.     Id.  cv.  143. 

On  the  Variability  of  36  (Uran.  Argentina)  Ceti.  By  S.  C. 
Chandler,  Jr.     Id.  cv.  333. 

New  Planetary  Nebulae.  By  Edward  C.  Pickering.  Id.  cv. 
335. 

Erratum  in  the  Position  of  a  Variable  Star.  By  Edward  C. 
Pickering.     Id.  cv.  351. 

Observations  of  Comet  1883,  I.  (Brooks-Swift)  at  Harvard 
College  Observatory.     By  S.  C.  Chandler,  Jr.     Id.  cvi.  9. 

A  convenient  Method  of  finding  or  identifying  an  Asteroid.  By 
0.  C.  Wendell.     Id.  cvi.  205. 

Date  of  Discovery  by  Brooks  of  Pons'  Comet.  By  John 
Ritchie,  Jr.     Id.  cvii.  43. 

On  the  Outburst  in  the  Light  of  the  Comet  Pons-Brooks,  Sep- 
tember 21-23.     By  S.  C.  Chandler,  Jr.     Id.  cvii.  131. 

It  is  evident  that  the  present  rapid  accumulation  of  results  will 
soon  involve  an  important  question  regarding  their  publication. 
The  funds  especially  provided  for  this  purpose  will  prove  entirely 
inadequate,  and  the  application  to  this  purpose  of  the  unrestricted 
funds  of  the  Observatory  must  be  considered.  This  subject  will 
probably  be  more  fully  treated  in  my  next  Annual  Report. 

EDWARD    C.    PICKERING,  Director. 
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SIR  WILLIAM   HERSCHEL'S  OBSERVATIONS  OF 

VARIABLE  STARS. 

By  Edward  C.  Pickering. 

Presented  January  9,  1884. 

The  discovery  last  summer  of  two  additional  catalogues  of  the 
Light  of  the  Stars  by  Sir  William  Ilerschel  has  been  announced  else- 
where. At  the  same  time  a  Journal  was  found,  which  gives  the  dates 
of  observation  for  the  individual  comparisons  contained  in  the  six 
catalogues.  The  suggestion  was  made  by  Mr.  Chandler,  that  the 
observations  of  variable  stars  contained  in  these  catalogues  would  thus 
be  rendered  of  value.  The  observations  contained  in  Table  I.  were 
kindly  forwarded  by  Lieut.  Col.  Ilerschel,  who  has  taken  much  trouble 
in  furnishing  me  with  all  the  material  available  for  the  following  dis- 
cussion. The  successive  columns  of  Table  I.  give  a  current  number, 
the  number  of  the  catalogue  of  Ilerschel  in  which  the  star  is  con- 
tained, the  usual  designation  of  the  star,  and  its  Flamsteed  number. 
The  next  columns  give  the  date,  the  observation,  and  the  resulting 
magnitude.  The  latter  is  derived  from  the  photometric  observations 
made  in  1879-82  at  Harvard  College  Observatory  with  the  meridian 
photometer,  and  will  appear  in  the  Annals  of  the  Observatory,  Volume 
XIV.  The  values  assumed  for  the  intervals  employed  by  Ilerschel 
are  obtained  from  a  discussion  of  all  his  catalogues,  and  will  appear 
in  the  same  volume ;  they  are  0.1  for  a  period,  0.2  for  a  comma,  and 
0.4  for  a  dash. 

The  scale  employed  may  be  defined  as  that  in  which  a  magnitude 
corresponds  to  the  ratio  whose  logarithm  is  four  tenths,  and  which 
coincides  with  the  scale  of  Argelander  for  the  magnitude  5.  It  is 
best  illustrated  by  the  statement  that  the  magnitudes  3,  4,  5,  and  6  on 
the  scales  of  the  Uranometria  Nova,  Heis,  and  the  Durchmusterung 
would  be  expressed  by  3.1,  4.2,  5.0,  and  5.8  on  the  photometric 
scale. 
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The  following  remarks  appear  in  tlie  original  record:  — 

No.  16.     "  o  Celt  is  less  than  /)  and  larger  than  a.     See  p.  2fi." 

No.  22.     "  Seems  to  1>e  larger  than  it  has  been." 

No.  26.  "To  the  n-eye  y  much  larger  than  /?.  (Mem.  This  star 
is  changeable,  and  was  then  at  its  minimum.)" 

No.  27.     "£  Lyra  much  less  than  y,  10h  451"  com.  time." 

No.  28.     « 10  seems  to  be  at  its  minimum." 

The  variations  of  several  of  these  stars  arc  irregular,  or  at  least  the 
law  governing  them  is  not  yet  known.     It  is  evident  that  these  obser- 
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vations  will  hereafter  form  a  most  valuable  test  of  the  correctness  of 
any  assumed  law,  since  in  many  cases  they  precede  by  more  than  half 
a  century  any  other  observations  of  these  stars  of  the  same  degree  of 
precision.  This  is  shown  in  Table.  II.,  which  gives  in  successive  col- 
umns the  name  of  the  star,  the  number  of  observations  contained  in 
Table  I.,  the  year  in  which  the  variability  was  discovered,  and  the 
number  of  years  by  which  this  followed  the  observations  of  Her- 
schel.  A  dash  is  inserted  when  the  discovery  preceded  the  observa- 
tions. In  these  cases  the  observations  of  Herschel  have  less  value, 
since  we  have  contemporaneous  or  antecedent  observations  which  serve 
to  determine  the  nature  of  the  changes.  The  last  three  columns  give 
the  period  in  days,  and  the  magnitude  at  maximum  and  minimum, 
according  to  the  catalogue  of  Professor  Schonfeld.* 

TABLE  II. 


Name  of  Star. 

No. 
0b*. 

Discor. 

Yean. 

Period. 

Variation. 
Schonfeld. 

rj  Aquilae 

4 

1784 

^^^ 

7.2 

3.5            4.7 

g  Herculis 

8 

1857 

02 

irr. 

5              6.2 

u  Herculis 

5 

1800 

74 

irr. 

4.6           5.4 

o  Ceti 

3 

1596 

— 

831.3 

1.7-5.0    8-0 

i)  Geruinorura 

0 

1805 

70 

220.1 

3.2          3.7-4.2 

(  Gem  i  no  rum 

1 

1844 

49 

10.2 

3.7          4.5 

8  Cephei 

1 

1784 

— 

5.3 

3.7          4.9 

£  Lyrae 

3 

1784 

— 

12.8 

3.4          4.5 

R  Lyrae 

2 

1850 

60 

40.0 

4.3          4.0 

p  Pcrsei 

3 

1854 

50 

irr. 

3.4          4.2 

\  Tauri 

3 

1848 

52 

3.9 

3.4          4.2 

X  Sagittarii 

1 

1800 

71 

7.0 

4             6 

8  Librae 

5 

1859 

64 

2.3 

4.9          6.1 

The  individual  stars  will  now  be  considered  in  turn,  so  far  as  the 
material  exists  for  a  more  complete  reduction  than  is  given  in 
Table  I. 

rj  Aquihs.  —  The  variation  in  light  of  this  star  has  been  discussed 
by  Argelander.f  A  light  curve  is  given  by  which  the  brightness  at 
any  time  may  be  expressed  in  terms  of  an  arbitrary  scale  of  grades. 
This  scale  is  defined  by  expressing  in  grades  the  light  of  the  compari- 
son stars  used  in  determining  the  changes  in  brightness  of  the  variable. 
Points  have  been  constructed  for  each  of  these  stars,  with  grades  as 
abscissas,  and  the  photometric  magnitudes  as  ordinates.     A  straight 


*  Zweiter  Catalog  von  voranderiichen  Sterncn.    Mannheim,  1875. 
t  Astron.  Nach.,  xix.  399. 
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line  drawn  nearly  through  these  points  serves  to  convert  the  scale 
of  grades  into  photometric  magnitudes,  or  into  actual  light  ratios. 
From  this  we  may  conclude  that  the  maximum  and  minimum  light 
of  the  variable  expressed  in  photometric  magnitudes  is  3.7  and  4.5. 
The  range  is  accordingly  less  than  that  ordinarily  given,  but  this  is 
partly  due  to  the  difference  in  the  scales.  The  observations  of  Her- 
schel  expressed  in  grades  equal  9.6,  6.1.  8.5,  and  1.0.  The  first 
three  of  these  correspond  to  periods  of  ld  19\  ld  4\  and  ld  14\  after 
a  minimum,  if  the  light  of  the  star  was  increasing,  or  to  3d  4h,  5d  6h, 
and  3d  14h,  if  the  light  was  diminishing.  The  other  observation, 
No.  4,  which  was  made  six  days  later,  on  July  25,  serves  to  decide 
between  these  two  hypotheses.  The  light  was  then  sensibly  that  of  a 
minimum  at  1.2  grades.  As  the  period  of  the  star  is  about  7d  4k, 
a  minimum  about  a  day  preceding  the  observations  1,  2,  and  3  would 
also  be  indicated  by  observation  4.  This  would  agree  with  the  hy- 
pothesis that  the  light  was  increasing  on  July  19,  but  would  contro- 
vert the  view  that  it  was  diminishing. 

The  time  of  the  observations  is  defined  only  by  the  limits  of  twi- 
light, which  in  the  latitude  of  Slough  would  extend  to  within  about 
two  hours  of  midnight  in  July.  The  star  would  culminate  near  mid- 
night, and  could  be  easily  observed  as  long  as  darkness  lasted.  The 
times  of  observation  may  therefore  be  written,  1795,  July  19d  12h  ±  2b, 
and  1795,  July  25d  12h  ±  2h.  The  mean  of  the  three  results  on  July 
19  would  give  an  interval  from  the  minimum  of  ld  12h,  or  would 
place  the  preceding  minimum  at  1795,  July  18d  0h,  with  an  uncertainty 
of  several  hours,  since  a  small  error  in  the  light  corresponds  to  a  large 
deviation  in  the  time  of  minimum.  The  elements  of  Argelander  indi- 
cate a  minimum  1795,  July  18d  19*  42m  Paris  M.  T. 

g  Herculis.  —  The  variations  in  light  of  this  star  are  irregular,  or 
the  law  governing  them  has  not  yet  been  discovered.  Should  this  law 
ever  be  determined,  these  observations  may  have  great  value,  since  they 
anticipate  by  sixty-two  years  the  first  observations  of  equal  accuracy 
previously  known.  Probably  the  variations  are  so  slow  that  the  hour 
at  which  the  observations  were  made  will  not  be  needed. 

u  Herculis.  —  The  same  remark  applies  to  this  star  as  to  the  preced- 
ing. The  observations  are  accordant,  and  anticipate  other  similar 
observations  by  seventy-four  years. 

o  Ceti.  —  Some  other  observations  by  Sir  "William  Herschel  are 
given  by  Argelander.*  As  this  star  had  been  observed  for  many 
years  previously,  these  observations  are  not  of  especial  importance. 

•  Bonn  Beob.,  vii  329. 
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rf  Geminorwn.  —  These  observations  precede  by  seventy  years  those 
taken  elsewhere.  They  will  therefore  have  great  value  in  determin- 
ing the  period  when  the  nature  of  the  variations  is  more  accurately 
established.  The  small  change  in  light,  however,  makes  the  result 
derived  from  any  small  number  of  observations  somewhat  doubtful 

{  Geminorum.  —  A  comparison  of  the  results  obtained  by  Arge- 
lander  *  with  the  photometric  measures  gives  the  variation  in  light  of 
this  star  from  3.6  to  4.2.  It  was  therefore  apparently  observed  by 
Herschel  near  its  minimum.  The  light  curve  indicates  that  the  obser- 
vation preceded  or  followed  a  minimum  by  about  nineteen  hours,  but 
the  change  in  brightness  during  this  time  is  much  less  than  the  uncer- 
tainty of  the  observation.  The  ephemeris  of  Schonfeld  indicates  a 
minimum  for  Ep.  —2434  at  1795,  Nov.  8d  5b.6,  which  does  not  differ 
from  the  time  of  observation  by  as  much  as  the  uncertainty  of  the 
comparison. 

&  Cephei. —  According  to  the  curve  of  Argelander,t  this  star  has 
the  magnitudes  of  3.5  and  4.3  at  maximum  and  minimum.  The  obser- 
vation of  Herschel  would  correspond  to  8.0  grades.  This  indicates  a 
minimum  preceding  it  by  ld  2h  or  2d  20b,  according  as  the  light  was 
increasing  or  decreasing.  The  star  is  above  the  horizon  nearly  all 
night,  hence  the  time  of  observation  is  fixed  only  by  the  limits  of  twi- 
light. We  may  therefore  call  the  time  of  observation,  1796,  Nov. 
5d  12h  ±  6h.  The  elements  of  Schoufield  give  for  Ep.  —2987  a 
minimum  at  1796,  Nov.  4d  7h  24m,  which  agrees  as  well  as  could  be 
desired  with  the  observation.  As  in  the  case  of  rj  Aquike,  the  obser- 
vations of  contemporaneous  observers  fix  the  period  of  this  star  so 
accurately  that  a  correction  based  upon  a  small  number  of  observa- 
tions does  not  seem  justifiable. 

fl  Lyra.  —  The  variations  of  this  star  have  been  so  thoroughly  de- 
termined by  other  observers  that  these  observations  cannot  add  much 
to  our  knowledge  of  the  subject.  Only  one  observation,  No.  28 
of  Table  I.,  is  sufficiently  precise  to  be  of  value,  and  the  interval 
here  employed  — ,  is  too  large  to  be  estimated  with  accuracy.  This 
observation  has  therefore  not  been  reduced. 

R  Lyra.  —  The  variations  of  this  star  are  so  small  that  it  is  doubt- 
ful if  the  observations  of  Herschel  can  be  utilized. 

p  Persei.  —  The  same  remark  may  be  applied  to  this  star  as  to 
g  Herculis. 

X  Tauri.  —  This  star  belongs  to  the  Algol  class.     The  maximum 

*  Bonn  Beob.,  vil.  389.  t  Astron.  Nach.,  xix.  395. 

vol.  xix.  (n.  s.  xi.)  18 
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brightness  as  given  in  the  photometric  catalogue  is  3.6.  The  agree- 
ment of  the  observation  No.  34  is  probably  accidental,  since  the  large 
interval  — ,  cannot  be  estimated  with  accuracy.  As  far  as  it  goes, 
however,  it  indicates  that  the  star  was  at  its  full  brightness.  The 
other  observation,  No.  33,  indicates  a  diminution  of  light,  or  that  the 
star  was  near  a  minimum.  The  law  of  variation  of  light  is  not  known, 
but  probably  the  change  in  magnitude  amounts  to  about  0.8.  The 
star  retains  its  full  brightness  except  for  about  two  hours  before  and 
after  each  minimum.  We  may  accordingly  assume  that  a  minimum  pre- 
ceded or  followed  the  observation  No.  33  by  about  one  hour.  On  this 
day  the  sun  set  at  about  3h  47™  and  A  Tauri  set  at  16h  10m.  Allow- 
ing for  twilight,  we  may  accordingly  assume  1796,  Jan.  ld  10h  zh  *>h 
for  the  time  of  observation.  For  the  other  date  we  obtain,  in  like 
manner,  1796,  Nov.  30d  llh  =fc  6h.  The  ephemeris  of  Schonfeld, 
applying  the  equation  of  light,  gives  1795,  Dec.  31d  22h.6,  for  Ep. 
— 6500.  A  correction  to  the  ephemeris  of  — llh.5  is  thus  indicated. 
This  exceeds  the  possible  error  in  the  time,  added  to  the  probable 
error  in  magnitude.  In  other  words,  if  the  star  was  really  below  its 
full  brightness,  the  minimum  must  have  occurred  several  hours  after 
the  computed  time.  In  like  manner,  we  obtain  1796,  Dec  ld  22h.3 
for  Ep.  — 6485,  or  the  nearest  minimum  does  not  occur  until  35 
hours  after  the  observation  No.  34.  Accordingly,  as  the  observation 
indicated,  the  star  should  have  had  its  full  brightness.  The  first 
minimum  previously  known  of  this  star  occurred  on  Dec.  6,  1848. 
If  it  were  possible  to  determine  the  hour  of  Herschel's  observation, 
the  mean  period  of  this  star  would  be  determined  with  great  precision. 
An  uncertainty  of  one  hour  would  correspond  to  about  half  a  second 
in  a  single  period. 

X  Sagittarii. —  This  star  varies  in  light  from  about  4.5  to  5.3  in  a 
period  of  a  little  over  seven  days.  The  only  comparison  made  by  Her- 
schel  places  this  star  a  little  fainter  than  2  Sagittarii.  The  latter  star 
is  commonly  placed  in  Ophiuchus,  —  in  fact,  it  is  nearly  in  line  with 
52  and  58  Ophiuchi,  and  between  them.  Its  magnitude,  according  to 
the  Uranometria  Argentina  is  6.8,  which  corresponds  to  6.6  on  the 
photometric  scale.  This  would  make  the  variable  much  too  faint, 
even  if  at  its  minimum.  It  is  also  strange  that  Plerschel  should  have 
employed  a  star  at  so  great  a  distance  (about  8°),  when  he  might 
have  taken  others  about  equally  faint  and  nearer.  The  hypothesis 
that  2  Sagittarii  was  much  brighter  then  than  now,  is  negatived  by  the 
fact  that  Herschel  compared  it  with  52  Ophiuchi,  and  found  it  only 
slightly  brighter.      The  magnitude  of  this  star  in  the  Uranometria 


OF  ARTS  AND  SCIENCES. 


275 


Argentina  is  6.5,  corresponding  to  a  photometric  magnitude  of  6.8; 
This  value,  although  reducing  the  discrepancy,  would  still  make  the 
variable  6.5,  which  is  0.7  fainter  than  its  light  at  minimum.  This 
comparison  is  not  given  in  the  catalogue  of  Herschel,  and  accordingly 
is  not  checked  by  appearing  under  both  2  and  3  Sagittarii. 

The  southern  declination  of  the  star  restricts  the  time  of  obser- 
vation  within  narrow  limits.  The  star  sets  at  9h,  and  twilight  would 
not  be  over  until  about  7h.  Accordingly,  the  time  of  observation 
would  be  1795,  Sept.  15d  8h  ±  lh.  The  elements  of  Schonfeld*  give 
a  minimum  at  1795,  Sept.  15d  16h,  for  Ep.  — 3902.  The  period  of 
Schmidt,t  on  the  other  hand,  gives  1795,  Sept.  13d  22\  If,  then,  the 
star  was  really  at  its  minimum  when  observed  by  Herschel,  this  obser- 
vation determines  a  correction  to  the  period  with  great  certainty. 

8  Libra.  —  The  observations  of  this  star  are  so  important  that  they 
require  a  more  detailed  discussion.  The  law  of  variation  of  the  light 
has  been  determined  by  Professor  Schonfeld. X  Table  III.  gives  the 
names  of  the  various  comparison  stars,  the  letters  by  which  they  are 
designated  by  Professor  Schonfeld,  and  the  brightness  in  grades  that 
he  assigned  to  them.  The  next  columns  give  the  light  according  to 
the  photometric  measures  made  at  this  Observatory,  and  according 
to  the  Uranometria  Argentina.  The  grades  are  reduced  to  magni- 
tudes, as  described  on  page  271,  according  to  each  of  the  scales.  The 
results  found  by  subtracting  the  magnitudes  derived  from  the  grades 
from  that  given  in  the  two  catalogues  are  given  in  the  last  two 
columns. 

TABLE  m. 


Namei. 

Deeig. 

Grades. 

H.  P. 

U.  A. 

H.  P. 

U.A. 

37  Libra* 

/ 

15.2 

4.9 

6.5 

—  2 

—  2 

f  Libras 

e 

12.5 

6.2 

6.5* 

—  2 

0 

15  Ilev. 

d 

8.6 

6.0 

6.6 

H-8 

+  3 

178  Bode 

c 

3.5 

6.6 

6.2 

0 

4-1 

B.  A.  C.  4945 

b 

0.0 

^— 

6.6 

^— 

0 

The  light  of  the  variable  at  maximum  and  minimum  equals  13.0 
and  2.0  grades  respectively.  This  corresponds  to  a  variation  from 
4.9  to  5.8  on  the  photometric  scale,  and  from  5.5  to  6.4  on  the  scale 
of  the  Uranometria  Argentina. 

The  observations  of  Sir  William  Herschel  are  compared  in  Table  IV. 


*  Zweiter  Catalog. 

X  Astron.  Nach.,  lxxiv.  342. 


t  Astron.  Nach.,  lxxxvii.  109. 
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The  successive  columns  give  the  Flamsteed  numbers,  the  photometric 
magnitudes,  and  the  magnitudes  according  to  Sir  William  Herschel. 
These  have  been  derived  from  a  discussion  of  all  six  catalogues  of 
Herschel.  They  have  a  special  value  for  the  present  purpose,  since 
they  indicate  the  brightness  of  these  stars  at  the  time  the  observations 
now  under  consideration  were  made.  The  fourth  column  gives  the 
magnitude  according  to  the  Uranometria  Argentina.  The  magni-  ' 
tude  of  19,  8  Libra,  according  to  each  of  these  scales  is  inserted  in 
brackets. 

TABLE  IV. 


FL 

H.P. 

W.  H. 

U.  A. 

Fl. 

H.  P. 

W.  H. 

U.  A. 

37 
31 
35 
44 
19 
43 
45 

4.9 
6.2 
5.4 
6.5 
[6.2] 
6.0 
6.0 

6.1 
6.0 
6.9 
6.4 

[Z2 

5.2 

5.5 
6.5 
6.8 
6.9 
[5.7] 
5.5 
6.5 

37 
31 
19 

4.9 

6.2 

[6.4] 

6.1 

6.0 

[6.2] 

6.5 

6.6 

[6.7) 

7 
19 

6.4 

[5.0] 

50 

[5.2] 

6.7 

[5.9] 

19 

18 

— 

6.0 

[0.2] 
6.8 

The  scale  of  the  Uranometria  Argentina  differs  two  or  three  tenths 
of  a  magnitude  from  that  of  the  photometer  for  stars  of  the  fifth  and 
sixth  magnitude.  For  the  stars  used  in  this  comparison  the  difference 
amounts  to  four  tenths  of  a  magnitude.  Applying  this  correction, 
the  results  become  more  readily  comparable  without  affecting  the  con- 
clusions derived  from  them.  In  Table  V.  the  brightness  of  8  at  the 
time  of  the  various  observations,  and  at  maximum  and  minimum,  as 
stated  in  the  first  column,  is  compared.  The  following  columns  give 
the  magnitude  derived  in  Table  IV.  from  the  three  authorities,  after 
applying  a  correction  of  four  tenths  of  a  magnitude  to  the  Urano- 
metria Argentina.  The  last  column  gives  a  mean  value  which  may 
be  employed,  since  all  the  observations  have  been  reduced  to  the 
same  scale. 

TABLE  V. 


H.  P. 

W.  H. 

U.  A. 

M_ 

1705.  May  11 

5.2 

6.1 

6.3 

6.2 

1795,  May  18 

6.4 

6.2 

6.3 

6.3 

<«                 u 

6.6 

6.2 

6.5 

6.4 

1797,  May  22 

— 

6.9 

6.8 

68 

Maximum 

4.9 

— 

6.1 

6.0 

Minimum 

6.8 

^— 

6.0 

6.9 
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A  minimum  is  clearly  indicated  in  1797,  May  22,  and  the  star 
seems  to  have  been  below  its  maximum  brightness  on  the  other  nights 
also.  Converting  the  magnitudes  into  grades,  and  comparing  with  the 
light  curve  of  Professor  Schonfeld,  we  may  infer  that  on  1795,  May  11, 
the  observation  was  made  4h.7  before,  or  5h.2  after,  a  minimum.  The 
observations  of  1795,  May  18,  in  like  manner,  indicate  that  a  mini- 
mum would  follow  in  3h.4,  or  had  passed  3h,8.  The  observation  of 
1797,  May  22,  indicates  a  brightness  that  does  not  differ  sensibly  from 
that  at  minimum.  The  star  changes  in  brightness  by  about  a  tenth  of 
a  magnitude  within  an  hour  of  minimum. 

The  hours  within  which  the  observations  must  have  been  made  are 
limited  by  the  twilight,  which  would,  for  observations  of  such  faint 
stars,  be  appreciable  within  two  hours  of  midnight.  The  comparison 
stars  43  and  44  Libra  would  be  above  the  horizon  from  8h.O  to  16h.4. 
Their  altitudes  would  exceed  10°  from  9h.2  to  15h.2. 

The  period  of  8  Libra  is  2d  7h  51m  20*  =  2d.3273148.  Ac- 
cordingly, if  a  minimum  occurred  near  midnight  on  1797,  May  22, 
others  would  have  occurred  on  the  afternoons  of  1795,  May  11,  and 
1795,  May  18.  We  may  therefore  assume  that  the  observations  of 
1795  were  made  after,  and  not  before  minima.  Subtracting  from  the 
time  1795,  May  lld  12h,  the  interval  5\2,  adding  0\2  for  the  differ- 
ence in  longitude  of  Slough  and  Paris,  and  adding  0h.l  for  the  equa- 
tion of  light,  we  obtain  1795,  May  lld  7h.l,  for  the  Paris  heliocentric 
time  of  minimum.  The  times  of  minima  indicated  for  the  other  ob- 
servations are  given  with  this  in  the  first  column  of  Table  VI.  The 
second  column  gives  the  ephemeris  time  for  the  epoch  given  in  the 
third  column.  The  last  column  gives  the  observed  minus  the  com- 
puted times  of  minima. 

TABLE  VI. 


Observed. 

Computed. 

Epoch. 

—  10080 

—  10077 

—  10661 

• 

0-0. 

d.     h. 

1705,  May  11     7.1 
1705,  May  18    8.5 
1707,  May  22  12.3 

d.      h. 

May  11  11.0 
May  18  11.5 
May  22  21.8 

h. 

-4.8 

—  3.0 

—  0.6 

The  mean  of  these  results  indicates  a  correction  of  six  hours  to  the 
ephemeris,  or  of  seven  hours,  if  we  assign  somewhat  greater  weight  to 
the  last  observation.  A  most  fortunate  coincidence  brought  all  the 
observations  so  near  minimum  that  the  star  had  in  each  case  less  than 
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its  normal  light    Observations  of  the  maximum  light  would  have  had 
comparatively  little  value. 

The  times  of  minima  on  May  11  and  May  18,  1795,  are  somewhat 
uncertain,  since  the  assumed  light  of  the  comparison  stars  may  be  in 
error.  All  the  stars  with  which  d  Libra  was  compared  have  ac- 
cordingly been  arranged  in  sequences  by  Mr.  Chandler,  since  the 
above  reduction  has  been  made.  The  details  of  these  observations 
will  be  published  elsewhere,  but  they  give  a  correction  for  the  minima 
of  May  11  and  May  18  of  —2.3  and  — 2.5,  instead  of  — 4.8  and 
— 3.0  hours. 
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XII. 

RECENT  OBSERVATIONS  OF  VARIABLE  STARS. 

By  Edward  C.  Pickering. 

Presented  March  12, 1884. 

The  work  of  observing  variable  stars  is  a  branch  of  astronomical 
research  which  can  be  successfully  prosecuted  at  observatories  not 
provided  with  the  means  for  undertaking  large  pieces  of  routine  work. 
Hence,  where  these  means  exist,  the  observation  of  variable  stars  is 
usually  neglected,  not  from  any  doubt  of  its  interest  or  importance,  but 
because  it  is  assumed  that  attention  will  be  paid  to  it  at  institutions  less 
fully  equipped,  and  especially  by  the  numerous  amateur  observers  to 
whose  resources  it  appears  so  well  adapted. 

But  in  order  to  obtain  the  best  results  in  this  line  of  research,  some 
systematic  division  of  the  labor  has  become  important.  At  present, 
for  want  of  system,  some  variable  stars  are  observed  with  unnecessary 
frequency,  while  others  of  no  less  interest  are  completely  neglected. 
A  bibliography  of  the  variable  stars,  which  is  in  course  of  preparation 
by  Mr.  S.  C.  Chandler,  Jr.,  will  exhibit  large  gaps  in  the  observations 
of  many  important  objects  in  the  list.  In  such  cases,  the  value  of  the 
earlier  observations  is  often  impaired  by  the  difficulty  of  connecting 
them  with  those  recently  made. 

In  the  hope  of  promoting  a  more  systematic  observation  of  the  vari- 
able stars,  a  pamphlet  upon  the  subject,  and  a  subsequent  circular,  have 
been  issued  during  the  past  year  by  the  Harvard  College  Observatory. 
In  response  to  the  recommendations  of  the  pamphlet,  a  number  of 
observers  signified  their  inclination  to  undertake  the  proposed  work, 
some  of  whom  have  already  reported  many  valuable  observations* 
It  is  to  be  anticipated  that  their  example  will  be  followed  by  others, 
so  that  the  frequent  renewal  of  the  special  lists  of  stars  required  by 
each  participant  in  the  work  will  become  inconvenient  Under  these 
circumstances  it  seems  desirable  to  make  a  published  statement  of  the 
present  condition  of  this  branch  of  scientific  inquiry,  so  that  each  ob- 
server may  judge  for  himself  what  part  of  the  work  can  be  most  profit- 
ably undertaken  with  the  means  at  his  disposal.    This  advantage  would 
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obviously  be  lost  by  waiting  for  the  reduction  and  publication  of  the 
observations.  It  is  intended  to  publish  another  circular  early  in  1885, 
giving,  so  far  as  practicable,  the  results  obtained  during  1884  by  all 
observers  of  variable  stars.  The  value  of  this  circular  will  depend 
upon  the  amount  of  assistance  which  the  various  astronomers  inter- 
ested in  the  subject  may  be  inclined  to  afford.  Those  who  have 
already  undertaken  to  communicate  their  observations  to  this  Observa- 
tory will,  no  doubt,  continue  their  co-operation.  If  the  greater  part 
of  the  results  obtained  by  independent  observation  elsewhere  are  also 
communicated  in  a  form  so  far  condensed  that  they  can  be  furnished 
with  little  trouble  to  the  observers  themselves,  the  proposed  circular  will 
exhibit  a  statement  of  the  course  of  observation  during  the  year  suffi- 
ciently complete  to  form  a  highly  useful  guide  for  subsequent  work. 
It  is  therefore  hoped  that  observers  of  variable  stars,  whether  profes- 
sional astronomers  or  amateurs,  will  be  generally  disposed  to  furnish 
the  information  necessary  to  the  completeness  of  the  circular.  This 
information  relates  to  the  following  subjects  :  — 

1.  Method  of  observation.  If  photometric,  some  account  of  the 
instrument  and  the  manner  of  using  it.  If  not  photometric,  whether 
the  observations  are  made  by  Argelander's  method,  by  the  division 
into  tenths  of  the  interval  in  brightness  between  two  comparison  stars, 
one  slightly  brighter  and  the  other  slightly  fainter  than  the  star  ob- 
served, or  by  direct  estimation  of  magnitude. 

2.  Stars  observed  during  1884,  and  the  number  of  nights  on  which 
each  was  observed.  In  naming  the  stars,  it  may  be  convenient  to 
use  the  numbers  given  in  the  first  column  of  Table  I.  below. 

3.  The  time  and  form  of  publication  of  the  observations  now  con- 
templated by  the  observer. 

4.  Plans  for  1885,  with  regard  to  the  stars  selected  for  observa- 
tion, and  the  number  of  nights  on  which  it  is  proposed  that  each  shall 
be  observed. 

Further  information,  although  not  directly  required  for  the  purpose 
of  the  circular,  will  be  gratefully  received.  If  the  observations  are 
not  to  be  published  by  the  observer,  a  copy  of  them  would  be  most 
acceptable.  If  they  are,  any  results  already  reached,  as,  for  example, 
the  times  and  magnitudes  of  the  maxima  and  minima  of  the  stars,  the 
dates  of  the  separate  observations,  or  the  number  of  nights  in  each 
month  of  the  year  upon  which  a  given  star  was  observed,  would  be 
of  much  service. 

Table  I.  exhibits  the  results  of  observation  of  variable  stars  for 
1883,  so  far  as  they  are  at  hand,  in  order  to  show  the  nature  of  the 
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TABLE   I.  — Variahlb  Stars. 


Ho.  l"'P' 

Hudo. 

R.  A.  1976. 

>.m 

Mm. 

Min. 

Ptr. 

h    ti'      - 

m 

D 

i. 

h 

Ceti 

0  15  26 

-20   45.1 

5.2 

7.6 

i 

£1 

T  CasaiopeiiB 

IB  29 

+.V,     5.9 

6.5  —  7.0 

11  —  11.2 

MS 

2 

51 

R  Auiiromeiiaj 

17  28 

+  37    &;■;.( 

5.6  —  8.6 

<12.8 

401.7 

S 

S  Ceti 

17  41! 

—10    14.5 

7.0  —  8.0 

<10.7 

3238 

B  Cassiopeia? 

17  52 

+rl3   27.L 

>l 

fi 

T  1'isciuin 

25  31 

+  13    54.< 

0,5  —  10.1. 

10.5  —  11.0 

Irr. 

f. 

'.'I 

a  Cassiopeia! 

33  25 

+66  51.1 

2.2 

28 

Irr. 

.-., 

U  Cepliei 

51  18 

+81    12.1 

7.0 

9.5 

2.6 

7 

S  Cassiopeia 

1  10  30 

+71    57.L 

0.7  —  8.5 

<13 

615 

B 

S  Ftaiinn 

11    2 

+  8    18.3 

8.8  —  9.3 

<I3 

106.S 

s., 

I'isciom 

10  22 

+  14'  12.7 

10 

14 

.v 

Cell 

19  31 

—  4    3(i.O 

0.5 

7.8 

Be 

11  Sculntorii 

21  13 

— 33    11.5 

6t 

ti 

_'"7 

it 

R  Piseium 

24  12 

+  2   14.1 

7.4  —  8.3 

<12.6 

345 

10 

S   Arietia 

57  55 

+u  ■>:■.•: 

0.1  —  9.8 

<13 

2885 

11 

li  Arietis 

2    9    1 

+24    28. 4 

7.0  —  8.5 

11.9  —  12.7 

1893 

IU 

871 

a  Ceti 

13     I 

—  3    43.9 

1.7  —  6.0 

8—0 

3315 

r; 

13  54 

+  :s      1)  - 

8.5? 

<9.7 

ii 

R  Ceti 

19  39 

—  0   55.7 

7.0  -  8.7 

<12.8 

1-".1 

Is 

T  Arietia 

41  22 

+  10    59.3 

7.9  —  8.2 

0.4—9.7 

S21 

if: 

489 

p    Persei 

67  10 

-+W    21.3 

3.4 

4.2 

Irr. 

17 

490 

B    Persei 

8    0    2 

+  1(1    2M.4 

2.2 

3.7 

2.9 

IB 

li  Persei 

22    fl 

+35    14.3 

8.1  —  9.2 

12.5 

2088 

1157 

\   Taurt 

5:i  45 

+12      8.2 

3.4 

4.2 

4.0 

;.,, 

T  Tauri 

4  14  43 

+  19    14.3 

9.2  —  11.5 

12.8  — < 

Irr. 

-ji 

11  Tauri 

21  27 

+  B    52 .9 

7.4  —  9.0 

<13 

326.6 

■.:j 

S  Tauri 

22  22 

+  9    40.1 

9.9 

<13 

378 

:::_■■. 

Durarlua 

85  19 

— 02    19.4 

5* 

f'l 

s; 

V  Tuuri 

44  48 

+  17    19.1] 

8.3  —  9.0 

<12.8 

168.6 

24 

R  Orioui* 

62  13 

+  7   6G.B 

8.7  —  8.9 

<13 

3785 

as 

877 

53    0 

+  13    3*  2 

3.0 

45 

Irr. 

20 

880 

R  Leporii 

63  65 

—15     3.7 

0  —  7 

8.57 

487.8 

27 

It  Auriga) 

5    T  12 

+  53    2U.ii 

0.5  —  7.4 

12.5—12.7 

466 

27- 

S    Auriga: 

18  62 

+31      2.3 

0.4 

<13 

2.-! 

S  Orionit 

22  50 

—  4    49.0 

8.3  T 

<I2.3 

-.1 

li.nK 

B   Orionii 

25  37 

—  0    25.0 

2.2! 

27 

Irr. 

■J!  J 

Ononis 

29  42 

—  6    33.5 

10 

13 

::..> 

10S1 

a   Ononis 

48  24 

+  7   23.3 

1.4 

Irr. 

.;l 

1  l'j' 

<I   Geminorum 

6    7  20 

+22    22.4 

3.2 

3.7—4.2 

238.1 

:;i.-j 

Munouertilii 

18  2D 

—  2     8.1 

7 

<10 

32 

1205 

T  Monuceroli* 

18  29 

+  7     9.1 

6.2 

7.6 

20.8 

■:.: 

R  Monocerutis 

32  21 

+  8   50.7 

9.5 

11.5 

Irr. 

:;i 

1286 

S  Monoeerolii 

31    8 

+  10     0.6 

4.9 

6.4 

3.4 

::", 

60  60 

+7,0    3D.'. 

9! 

<12.8 

.;., 

1384 

C  Geminorum 

60  41 

+20    45.1 

3.7 

4.5 

10.3 

:;: 

69  49 

+22    53.8 

6  0  —  7.3 

<12.3    1871.0 

-S 

H  C»ni*  min. 

7    1  60 

+  10    13.1 

7.2  —  7.9 

Q.5  - 10.0 

336.0 

38o 

Fuppis 

9  43 

—11    20.2 

3J 

<e 

1SG 

:;~i 

V  Gf  minorum 

18  10 

+  13    21.8 

8.5 

13-131 

376 

.;-. 

1117 

IT  Moaocerotis 

24  50 

-  9   31.0 

0.0 

7.2 

46.0 

30 

S    Canis  min. 

25  5(1 

+  8    35.  ( 

7.2  —  8.0 

<11 

■:■:■•  2 

10 

T  r»ni»  min. 

27    3 

+  12     0.8 

11.1  —  9.7 

<13 

x.:.\-i 

i,(. 

~" 

Canis  mio. 

34  31 

+  8   40.1 

8} 

13.6 

<0B 

to  Mr.  Pirthunrt. 
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Ho. 

Okm 

Ml. 

Otu.  1983. 

Oh..  1890-81 

On 

Clmndler 

1881 

2  C.  38  S. 

1 

II. 

1870 

14  C. 

W. 

a 

II. 

Argelnntler 

1868 

12  C. 

Sm.  W. 

a 

II. 

1872 

ec. 

Sf.  W. 

4 

I. 

Tyclio  Bralie 

1672 

6 

11 

1856 

EC 

e 

III. 

Dirt 

1831 

Sm.  W. 

6a 

V. 

Ceranki 

1880 

Sm.  W. 

7 

II. 

A  rue  lander 

1861 

16  C. 

20  P.  8  6. 

Sf.  Sm.  W. 

8 

II. 

Hind 

1861 

7C 

8m. 

Ba 

Pcten 

I860 

86 

Gould 

1874' 

8c 

II. 

Gould 

1878' 

B 

II. 

Hind 

1860 

9C. 

Sm.  W. 

10 

11. 

1'etew 

1806 

ec. 

11 

II. 

Argelninler 

18G7 

7C 

19  a  l  z. 

Sm.  W. 

IS 

][. 

Fabric  iu* 

1606 

BC 

Sm. 

ia 

II. 

KtflRI 

1878 

13  C. 

17  II. 

6£ 

14 

II. 

Arjielnnder 

18IS6 

4C 

16 

11. 

1870 

me 

24  II.  7  Z. 

16 

11.1 

Schmidt 

1864 

:::,  S. 

Bm. 

17 

V. 

Mcmlnnarl 

woo 

M filler.  Sm.  1 

18 

11. 

Kcbiinfcld 

1801 

7  a 

BE 

H.  Sm.  W. 

ID 

V. 
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1848 

SO 

Hind 

18411 

7  a 

21 

11. 

Hind 

1810 

IOC. 

Sf.  Sro.  W. 

28 

It 

OuiicniMM 

1866 

IOC. 

Sf  W. 

B2a 

1874? 

7L 

0U. 

23 

II. 

1871 

ISC. 

OP. 

H.  Sf.  W. 

24 

II. 

Hind 

1848 

11C. 

H.  Bf.  W. 

£6 

III. 

Friuoh 

1S21 

10  8. 

8m. 

96 

II. 

Schmidt 

1866 

7  0. 

22  S. 

Sm. 

87 

II 
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1808 

BC. 

26  H. 

Sf.  Sm. 
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II. 

Duner 

1881 

IOC. 

8  P. 
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28 

II. 

Wcbb 

1*70 

IOC 

Sf. 

29 

III. 

J.  Henehel 

1834 
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39a 

Bond 
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6C. 
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BO 

III. 
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18116 

6m. 

ai 

11.1 

Schmidt 
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Sm. 
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Schiinfeld 

1883 

2C. 

82 

IV. 

Gould 

1871 
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W. 

S3 

11. 

Schmidt 
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11  c. 

Bm. 

34 

IV. 

Winnccke 

18B7 

8  8. 

86 

II. 

1874 

12  C. 

HP. 

H. 

38 

IV. 
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87 

IL 

Hind 
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14  C 
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W. 

88 

II. 
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Sf.  W. 

11. 
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10  L. 
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m 
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17  C 
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We 

II.  t 

Gould 
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83 
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Sf.  W. 

40 
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PROCEEDINGS  OF  THE   AMERICAN   ACADEMY 


«• 

B.P. 

k« 

«.»„„. 

hta* 

«„ 

«* 

,., 

b    m     • 

m 

m 

,, 

41 

S  Geminonim 

7  ::.;  32 

+2IS    44.1 

8  2  —  8.7 

<18 

2IH.2 

42 

T  Geminorinn 

41  48 

■+■2*      •>.' 

8.1  -8.7 

<18 

286.1 

12 

S  l'uppis 

43    6 

-47      8.8 

71 

9 

43 

U  Geminoruro 

47  41 

+22    111." 

8.!)  — 9.7 

13.1 

Irr. 

■!■; 

i'lippis 

65    0 

—12   32 

8* 

<14 

310 

ii 

R  Cavicri 

8    040 

+  12      B.5 

6.2  —  8.3 

<11.7 

354.4 

to 

V  Curicri 

14  36 

+  17    40.', 

0.8  —  7.2 

<12 

27  2 

K 

U  Cnuuri 

+\<i    in.' 

8  2—10.4 

<13 

306.7 

17 

S  Cwifiri 

36  48 

+  19    2'.U 

8.2 

98 

9.5 

48 

S  Hydra. 

47     3 

-1-  3    ::j.4 

<12.2 

258.4 

io 

T  Cuuorl 

49  32 

+20    1H.7 

8.2  —  8.6 

9.3—10.5 

IM-j 

.-,«! 

T  Hydra; 

49  35 

—  8   31.0 

7.0  —  8.1 

<12.5 

280.4 

.',... 

R  Cariniu 

0  sa    Q 

—02    14.2 

4.4 

Ull! 

M 

R  Leoui*  mh>. 

38    4 

+35      5.2 

6.1— 7.5 

<11.0 

874T 

52 

1783 

R  Leonis 

40  50 

+13     0.5 

6.2  —  0.4 

9.4  —  10.0 

B12.8 

:.j 

]    Ciirinm 

41  40 

—01    55.'. 

3.7 

6.2 

31.2 

524 

Leunia 

63    3 

+21    51.0 

Si 

8.0<13 

■...,,. 

.vj . 

Aniline 

10    4  22 

—37      7.1 

« 

<8 

-Mi; 

Curinm 

5  as 

—Oil    50.11 

ot 

9 

88a 

17  21 

+  11    3-S.l 

ill 

In  v. 

:..-/■  in; 

Hydra 

31  22 

—12    44.1 

« 

b 

.-,.:   1-n 

R  Umo  miij. 

+'!!>    25.lt 

0.0  —  8.1 

12 

30:14 

54  1  — 

u   Argin 

40  13 

-68   411.2 

>! 

0.3 

Irr. 

64o    — 

T  CariniB 

50  18 

—V.I    51.2 

0.2 

0.9 

.-,-,  - 

It  CraterU 

54  25 

—17   20.4 

<9 

6fl      — 

S  Uonis 

11     4  23 

+  0     8.5 

0.0—9.7 

<13 

137.0 

BJ 

T  l.eonia 

B2     2 

+  4    a.u 

10? 

<13 

59 

X  Virginia 

05  27 

+  9   40.1 

7.8? 

<10 

m 

R  Com  id 

67  61 

+  iit  2s.a 

7.4  —  8.0 

<13 

308 

Vi 

T  Virginia 

12    6  12 

—  5     7.2 

8.0  —  8.8 

<13 

337 

..1 

R  Corvi 

13  io  — ia  20.;] 

0.8  —  7.3 

<11.6 

318.8 

61a 

-  Virginia 

27  2d   —  3   43-8 

8 

14 

210± 

-;- 

T  Ursa*  nrnj. 

30  42 

+00    Mil 

7.0  —  8.3 

12.2 

260.8 

.;: 

21-47 

R  Virginia 

32  10 

+  7    40.6 

0.6  —  7.5 

10.0  -  10.P 

146.7 

a*i 

11  Muane 

34  28 

—ilS    411.11 

0.0 

7.3 

as 

-ii 

S   Uraajmnj. 

38  28 

+01    40.7 

7.7  —  8.2 

10.2  —  11.1 

224.8 

ha 

0  Virginia 

44  40 

+  (I    14.0 

7.7  —  8.1 

12.2-12.8 

207.4 

86 

W  Virginia 

13  lit  .15 

-  2    31.2 

8.7  —  0.2 

0.H  — 10.4 

17.8 

■  -■; 

V  Virginia 

21  21 

—  2    I'.l.O 

8.0  —  9.0 

<13 

261 

■■- 

2275 

R  Hjilnc 

22  5.-1 

—22  s>.<; 

4.0  —  6.5 

10? 

46S.3 

n 

JJ.v 

S  Virginia 

26  2'J 

—  6    20.6 

5.7  —  7.8 

12.5 

374.0 

(i  h 

Virginia 

14    3  37 

—12   42.7 

D 

14 

mi 

R  C'litauri 

7  35 

—:.<>   i;v» 

0 

10 

70 

T  Buotis 

8  11 

+  19    ll'.'.l 

<13 

71 

in  41 

+54    2.'.7 

8.1—8  6 

13.2 

272.1 

72 

R  Onmclopardi 

27     8 

+  K4    2:;s 

7.0  —  8.(1 

12! 

268.2 

73 

2445   K  Buotia 

31  41 

+27     10.0 

5.0  —  7.6 

11.3-12.2 

228.0 

7:;,  :M.V. 

Unolia 

37  60 

+27      3.fi 

5.2 

fi.l 

3701 

784 

Booth 

48  33 

+  18    12.1 

3.1 

12.0—13.0 

173.8 

7* 

J.7IH' 

54  IS 

-  7   01 J 

4.9 

0.1 

2J3 

71, 

16    3  37 

—10   83.9 

10 

<ia6 

700± 

71'. 

RTriimg.  Auatr. 

8  37 

—'io      il.  1 

CO 

8.0 

3.4 

76 

ti  Coronit 

13    6 

+32      fl.4 

7.0 

8.8 

S& 

S  Lib™ 

14  13 

-ID    47.3 

8.0 

13.5! 

n 

- 

S  Scrpenlia 

16  48 

+14    45.0 

7.8  —  8.8 

12.5 1 

n.l  ii 
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No. 

CUw. 

Dbcorerer. 

Bate. 

Obs.  1888. 

Obs.  1880-82. 

41 

II. 

Hind 

1848 

6C. 

Sf.  W. 

42 

IL 

Hind 

1848 

7C. 

Sf .  W. 

42a 

— 

Gould 

1874? 

— . 

.... 

43 

II.  ? 

Hind 

1855 

24  C. 

H.  Sf. 

43a 

II. 

Pickering 

1881 

12  C. 

_ 

44 

II. 

Schmidt 

1829 

13  C. 

Sm.  W. 

45 

II. 

Auwers 

1870 

15  C.  13  P.  21  S. 

Sm.  W. 

46 

II. 

Chacoruac 

1853 

11C. 

Sm. 

47 

V. 

Hind 

1848 

— 

Sm. 

48 

II. 

Hind 

1848 

12  C. 

D.  Sf. 

40 

II. 

Hind 

1860 

14  C.  14  P. 

_ 

50 

II. 

Hind 

1851 

11C. 

Sf .  w. 

50a 

II. 

Gould 

1871 

— - 

_ 

51 

II. 

Schonfcld 

18G3 

10  C.  22  S. 

Sm. 

52 

II. 

Koch 

1782 

12  C.  14  S. 

I).  Sf.  Sm. 

52ri 

^ 

Gould 

1871 

16  L.  17  U. 

— 

626 

II. 

Becker 

1882 

8C. 

Becket 

52c 

— 

Gould 

1872 

_ 

_ 

52// 

— 

Gould 

1871 

— 

— 

52e 

— 

Peters 

1876 

7C. 

_ 

52/ 

— 

Gould 

1871 

— 

— 

53 

II. 

Pogson 

1853 

14C.31H.23S.7Z. 

Sm.  W. 

54 

II.* 

Burchell 

1827 

— 

^_ 

54a 

— 

Thome 

1872 

10  L.  11  U. 

_ 

55 

II. 

Winnecke 

1861 

10C. 

Sf. 

56 

11. 

Chacornac 

1856 

13  C. 

_ 

57 

II. 

Peters 

1865 

4C. 

_ 

58 

II. 

Peters 

1871 

OC. 

_ 

50 

II. 

Schonfcld 

1856 

8  C.  30  P. 

_ 

60 

11. 

Boguslawski 

1849 

6C. 

— 

61 

II. 

Karlinski 

1867 

9C. 

Sf. 

Gla 

II. 

Henry 

— 

lie. 

— 

02 

II. 

Hcncke 

1856 

17  C.  80.S. 

H.  Sf.  Sm.  W. 

63 

II. 

Harding 

1800 

17  C.  20  S. 

H.  Sm.  W. 

63a 

IV. 

Gould 

1871 

10  L.  16  U. 

— 

64 

II. 

Pogson 

1853 

17  C.  85  S. 

D.  Sf.  Sm.  W. 

05 

II. 

Harding 

1831 

14  C. 

I).  Sm.  W. 

66 

11.? 

Schonfcld 

1860 

12  C. 

D. 

67 

11. 

Goldschmidt 

1857 

10  C.  22  P. 

W. 

68 

II. 

Miraldi 

1704 

2  C.  41  S. 

D.  Sm.  T. 

69 

11. 

Hind 

1852 

12  C. 

^_ 

09a 

II. 

Palisa 

1880 

7C. 

— 

606 

— 

Gould 

1871 

0L.  11  U. 

^_ 

70 

I.? 

Baxendell 

1800 

— 

— 

71 

II. 

At  Bonn 

1800 

15  C. 

D.  Sm. 

72 

II. 

Hencke 

1858 

7C. 

Sf.  Sm. 

73 

II. 

At  Bonn 

1858 

15  C.  32  S. 

Sm.  W. 

73a 

— 

Schmidt 

1867 

— 

— 

7:36 

II. 

Baxendell 

1880 

lie. 

Baxendell 

74 

V. 

Schmidt 

1850 

— 

Sm. 

74a 

II. 

Palisa 

1878 

6C. 

Palisa,  Weis 

746 

IV.? 

Gould 

1871 

2  L.  6  U. 

_ 

76 

v. 

Winnecke 

1860 

— 

Sm. 

76 

II. 

Borelly 

1872 

6C. 

Sf. 

77 

11. 

Harding 

1828 

oc. 

D. 
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» 

B.P.                 Name. 

»..,«=. 

»•■» 

«„. 

Mia. 

,., 

h    m     ■ 

o 

, 

n 

at, 

d. 

78 

2553  S   Coronie 

15   Hi   18 

+31 

49.1 

6.1  —  7.8 

11.0-12.5 

:wi.O 

78u 

—  |       Lib™ 

31  Id 

—20 

46.5 

<14 

7a 

2638  R  Corona* 

43  25 

+28 

82o 

5.8 

13.0 

lrr 

SO 

2617 

R   Serpen  lia 

41  66 

+  15 

80.8 

6.0  —  7.6 

<11 

357.6 

Hi 

V  Coronas 

45    4 

+89 

67.0 

7.7 

12 

386.0 

81 

R  Librtc 

48  32 

—  Ki 

446 

0.2  —  10.0 

<13 

728 

*j 

2S78 

T  Coronm 

61  IS 

+26 

Hi.' 

2.0 

9.5 

m; 

R  Heruulis 

16    0  37 

+18 

42.5 

8.0  —  0.0 

<13 

310.0 

.->:; 

W  Scorpii 

4  28 

—19 

48.6 

10 

<13 

224.8 

B] 

T  Scorpii 

9  38 

—93 

83.5 

7 

<10 

Bfi 

10  12 

—22 

31.8 

9!  —10.5 

<12.5 

233 

sa 

S    Scorpii 

10  13 

— JJ 

28.8 

9.1  —  10.5 

<12.6 

176.9 

Ml 

Opliiuclii 

14  10 

—  7 

31.0 

0.0 

<13.6 

;iM 

B1 

U  Scorpii 

15  16 

—17 

29.3 

<12 

B7i 

Ophiuchi 

19  16 

—12 

8.5 

7.6 

10.5 

365 

s-< 

U  Hurculis 

20  16 

+19 

10.8 

8.8  —  7.7 

11.4  —  11.0 

408,8 

81) 

2772 

g    Ilcrculis 

24  32 

+42 

9.6 

5 

0.2 

lrr. 

90      — 

T  Opliiuclii 

20  35 

40.0 

10 

<126 

91   1  - 

S    Opliiuchi 

27    4 

— ia 

l-.r, 

8.3  —  0.0 

<12.6 

233.8 

W  Herculia 

30  48 

+37 

35.6 

8.0 

•C11.5 

239 

Hi]  — 

Urs.  Min. 

31  40 

+72 

31.9 

8.8 

10.5 

180! 

file    — 

R    DraL-nni* 

32  22 

+67 

0.7 

7.2 

13  C 

216.9 

DJ    :J-i28  S     lleruulis 

40  13 

+1S 

9.2 

5.9  —  0.8 

11.5—12.2 

303 

OS   283J        Opliiuclii 

62  30 

—12 

:;h.o 

5.5 

12.5 

93u   — 

V    Herculia 

53  41 

+35 

16.6 

0.0 

11.7 

It  Opliiuchi 

17    0  38 

—15 

61.9 

7.0  —  8.1 

<12 

302.4 

05   2*7'. 

8  67 

+11 

JH.l 

3.1 

3.9 

lrr. 

(t.>i  "J-*s: 

U  Opliiuclii 

10  12 

+  I 

8U) 

0.1 

0.8 

ii  ;> 

06 

2800 

ii    Ilorculis 

12  42 

+33 

11.1 

4.6 

6.1 

38.6 

in 

Serpen  tarii 

23    0 

-21 

20.0 

>1 

..... 

2972 

X    Smjriitivri! 

89  41 

-47 

45.6 

4 

0 

7.0 

99 

3035 

W  SnKilti.rii 

67    i 

81.7 

6 

0.5 

7.0 

103 

T    Heruulia 

18    4  22 

+31 

0.1 

7.2—8.3 

11.4  —  121 

166.1 

101 

T    Serpenlis 

22  43 

+  6 

111 

9.1  —  10.0 

<12.8 

342.3 

102 

V  Sngittarii 

21    4 

—18 

-'  l 

7.5? 

0.6? 

ion 

24  32 

—19 

13.9 

7.0 

8.3 

6.7 

101 

T   Aquilnt 

3045 

+  8 

36.9 

8.8 

9.5 

lrr. 

111.-, 

8176 

it  Sent! 

40  40 

—  5 

62.6 

1.7  —  5.7 

6.0  —  8.5 

71.1 

Ill-,, 

*    1'a'onii 

41    3 

—67 

23.2 

4.0 

5.5 

9.1 

id.; 

8193 

0    Lj-nc 

45  SB 

+33 

]■■',.'. 

3.4 

4.6 

12.9 

toi 

8221 

51  32 

+43 

47.1 

4.3 

4.6 

40.0 

[OH 

S  Curon.  Aurtr. 

52  43 

—37 

10.0 

9.8 

11.61 

0.1 

ioa 

R  Coron.  Auitr. 

53  29 

-37 

in  1 

10&—11.6 

<12-5 

31 

110 

R    Aqui!* 

19    0  21 

+  8 

2.6 

0.4  —  7  4 

10.fi— 11.2 

316.1 

in 

T  Sagittnrii 

9     1 

—17 

1  .'..-> 

7.6  —  8.1 

<11 

W 

us 

R  Sagittimi 

9  21 

—19 

;::.,- 

7.0  —  7.2 

<12 

270.0 

113 

»    Sagiitarii 

12    7 

—19 

19.1 

9.7  —  10.4 

<I2.7 

230 

ill 

3395 

11   C.rgnl 

33  28 

+49 

55.1 

6.9  —  8.0 

13 

43*3 

tie 

11  Vulpccula 

42  26 

+27 

0.5 

8 

? 

ii<i 

S    Vulpeenlos 

43  10 

+26 

E8.7 

8.4  —  8.9 

0.0—9.6 

07.6 

117 

8481 

X    Cygni 

45  46 

+32 

36.0 

4.0  —  0.0 

12  8 

400.5 

118 

3130 

46    6 

+  0 

41.2 

8.5 

4.7 

7.2 

US 

3    C?gni 

20    2  53 

+57 

37.6 

8.8  —  0.5 

<13 

::"J  s 

in 

R   Capricorni 

4  17 

—  11 

46.0 

8.8  —  9.7 

<13 

S4I 

W 

- 

H    Aqulln 

6  62 

+15 

14.9 

8.9  —  9.9 

10.7  —  11.8 

147.S 
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m 

am. 

„.,...„,. 

„.,. 

Ob*.  1983. 

Ota.  1880-82. 

78 

n. 

Hencke 

1800 

13  C.  43  8. 

H.  Sm.  W. 

78a 

Peters 

18TB 

79 

II.  7 

Pigott 

1706 

14  C.  60  S. 

Sm.  W. 

80 

n. 

Hnrding 

1820 

IOC. 

Sm. 

80a 

H. 

Dutrfr 

18T8 

13  C. 

U.  Sf.  Sm.W. 

81 

II. 

Pog.on 

1868 

2C. 

83 

L 

Birmingham 

1808 

Sm. 

83 

IL 

1856 

12  C.  4  H. 

H.  Sm. 

83a 

ll, 

J.  Palis* 

1877 

3C. 

Sm. 

H 

i. 

Auwcra 

1800 

2  0. 

86 

n 

Clintornnc 

1853 

7C. 

Sm. 

68 

IL 

Chtuornoc 

1864 

OC. 

6m. 

BGa 

II. 

Sehoneln 

1881 

8C. 

Sm. 

87 

Ll 

Pogson 

1808 

87a 

Durfr 

1881 

3C. 

Dreyer,  D. 

88 

II. 

lt-UO 

14  C.  84  S. 

Sm. 

89 

III. 

Bmendell 

1B67 

0U  B. 

Sm. 

90 

It. 

I'agBOit 

imio 

4C. 

91 

II. 

PogBon 

1864 

4C. 

91a 

1880 

D.  W. 

914 

11. 

Pickering 

1881 

20  C. 

Pickering 

Blc 

11. 

Gw!  uniij' Jen 

1870 

18  C.  21  S. 

H.  Sm.  W. 

9! 

11. 

At  Buiin 

I860 

10  C.  26  H. 

H.  Sm.  W. 

98 

I. 

Hind 

1848 

98a 

II. 

Baxendell 

1880 

11  C. 

Ba  x  end  ell 

W 

11. 

1803 

7C. 

I). 

06 

111. 

W.  llerscliel 

17UD 

Sm. 

B5a 

V. 

1881 

12  S. 

JW 

III. 

Scl.mi.lt 

lKtlllT 

Sm. 

97 

1. 

1004 

98 

IV. 

Sell  mi dt 

1800 

10  s. 

Sm. 

BB 

IV. 

Schmidt 

1800 

44  S. 

Sm. 

180 

II. 

At  H«im 

1857 

18  C.  13  IL 

H.  Sm.  W. 

101 

II. 

Biixondoll 

1800 

IOC. 

1M 

II. 

Quirling 

18fi5 

ec. 

103 

IV. 

1800 

5C. 

Sm. 

104 

II. 

Win  ii  coke 

1800 

9C. 

106 

II. 

Pigott 

1706 

S  C.  7B  a. 

Sm.W. 

ltli, 

IV. 

Thorn* 

1872 

1U. 

106 

IV. 

Cioodrieke 

1784 

MUUcr.Sm.W. 

107 

II.1 

Baxtm.lell 

186(1 

17  S. 

108 

IV.) 

Hvhmlih 

188ll 

1  C. 

Sm. 

100 

11.1 

Kchmiilt 

1800 

1  c. 

Sm. 

110 

11. 

At  Bonn 

1860 

1C. 

111 

11. 

18U3 

6C. 

Sf. 

112 

II. 

1858 

7C. 

D. 

113 

II. 

1800 

7  C. 

114 

11. 

185-2 

H  C.  22  P.  17  H.  fl  Z. 

Sm.  W. 

116 

I. 

Antlielro 

1670 

U6 

11. 

Hind 

18til 

12  C.  26  H.  4Z. 

W. 

117 

11. 

Kiruh 

1(180 

1IC.  55  P.  26  H.  87  S.  4  Z. 

Sm.  W. 

118 

IV. 

Pigott 

1784 

io  a 

Sm.  W. 

119 

11. 

At  Bonn 

1900 

0  C.  15  P. 

Sf. 

ISO 

II. 

Hind 

1848 

6C. 

D. 

121 

II. 

Baxcndcll 

1863 

10  C. 

~~ 
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He. 

HP. 

H^ 

K.  A.  1876. 

Dec.  1S76. 

„„. 

Mia. 

,.., 

139 

r  buhm 

aj    a  22 

+46    21.0 

8.5  —  8.7 

9.8  —  10.4 

70  4 

123 

R  Delphi™ 

8  63 

+  8   42.7 

7.0  —  8.5 

12,8 

2-4.0 

121 

3517 

1*  Cygni 

13  11 

-+:!7    38.7 

3  —  6 

<0 

125 

U  Cygui 

16  44 

+47    30 J 

7.8! 

0.8! 

\-y. 

i.VJT 

It  Cepliei 

34  at 

+88    45.L 

6? 

10! 

i-j'i. 

—  CvRtii 

87  17 

+41    41.8 

8 

12 

423. 

1ST 

S  Delpliini 

37  19 

+  10   sy.4 

8.4  —  8.0 

10.4  —  11.1 

2;...'; 

12- 

T  Delpliini 

30  34 

+  15    W.7 

8.2  —  B.U 

<13 

;.:i.i 

U  Capricarni 

41  11 

—  15    23.:. 

103  —  lo.h 

<13 

203.6 

|:;n 

8864 

T  Cygui 

42  12 

+:;:;   f-it 

6.6? 

0! 

W 

T  Aquarii 

43  20 

—  6    45.3 

G.7  — 7-0 

12.4  —  12.7 

2033 

i.;- 

R  Vulpcculm 

58  4!) 

+23    10..- 

7.5  —  8.6 

12.5—  [3.1 

137  .a 

122 

Capricorn! 

21    0  19 

—24   *J5  r 

U 

14 

[■'■■i: 

T  Cepliei 

7  52 

+4)7   E8.1 

6.0 

9.5 

382 

i.:; 

T  CHpricorni 

15    0 

-15    61.4 

8.9  —  11.7 

<18 

209.4 

134 

S  Ceplici 

36  45 

+78      3.0 

7.4  —  8.6 

11.6 

486 

1.. 1. 

Nora  Cygni 

37    2 

+  12    18  2 

135 

8845 

k  Cepliei 

3U41 

+58    12.4 

4? 

5? 

Irr. 

MB 

T  l'egasi 

22    2  48 

+11    05.7 

8.8  -  0.3 

<12.5 

307.6 

l::-, 

3U81 

8   Cepliei 

24  32 

+;,7   .m.o 

3.7 

4.9 

64 

i::t. 

Lscertic 

37  43 

+  41    43.0 

8.0 

<13.5 

315. 

l:s 

S  Aqujrii 

60  25 

—21    134 

7.7  —  0.1 

<11.5 

279.4 

l:::i 

4078 

iB   Pegasi 

67  46 

+27    24.2 

22 

2.7 

Irr. 

140 

R  1'cgaii 

23    0  22 

+  !1    52.) 

0.9  —  7.7 

12! 

111 

14  14 

+  8    14.2 

7.0 

<12.2 

142 

4103 

It  Annarii 

37  21 

—13    111) 

5.8  —  8.5 

112 

1221  It  Uitjsiupciie 

52    4 

+00    41.5 

48  —  0.8 

<12 

426.U 

information  desired.  It  is  thought  best  not  to  delay  the  publication 
of  the  present  circular  in  order  to  obtain  additional  information,  much 
of  which  must  be  procured  from  Europe  ;  hut  astronomers  will  confer 
a  favor  upon  this  Observatory  by  sending  material  which  may  be  used 
next  year  to  make  the  table  for  1883  more  complete.  It  is  highly 
desirable  that  this  in  formation,  as  well  as  that  respecting  the  observa- 
tions of  1884,  should  reach  this  Observatory  as  early  a*  February  1, 
1885,  iu  order  that  the  proposed  circular  may  be  issued  as  early  in  the 
year  as  possible.  Information  received  later,  however,  may  be  made 
serviceable  in  any  circular  which  may  afterwards  lie  prepared. 

The  bibliography  undertaken  by  Mr.  Chandler,  as  above  mentioned, 
will  eventually  furnish  the  means  of  preparing  a  catalogue  of  all  the 
stars  now  known  to  be  variable.  The  list  in  Table  I.  is  from  his 
provisional  catalogue  of  known  variables,  which  consists  of  Schonfeld's 
Second  Catalogue,*  with  forty-eight  additional  stars  whose  variability 


*  Zwoiler  Catalog  von  verandcrlkhen  Slernen,  Mannheim,  1875. 
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TABLE   L—  Continued. 


1 
No. 

CUu. 

Discorercr. 

Date. 

Ob*.  1983. 

Ob..  1880-82. 

122 

II.? 

Baxcndell 

1869 

IOC. 

Sm. 

123 

II. 

Heneke 

1859 

7  C.  21  II. 

W. 

124 

I. 

Jausoii 

1600 

— 

.^_ 

125 

II. 

Knott 

1871 

8  C.  10  P. 

Bm.  Sf.  W. 

12G 

II.? 

Poison 

1856 

3C. 

Sf. 

127 

II. 

Birmingham 

1881 

8C. 

Bm.  K.  Sf.  Sm. 

127a 

II. 

Baxcndell 

1860 

8C. 

Sm. 

128 

11. 

Baxendell 

1803 

7C. 

1).  Sm. 

129 

II. 

Pogson 

1858 

8C. 

— 

130 

— 

Schmidt 

1804 

— 

— 

131 

II. 

Goldschraidt 

1801 

.    8  0. 

Sm.  W. 

132 

11. 

At  Bonn 

1858 

15  C. 

W. 

132a 

— 

Peters 

1807 

— 

— 

1326 

II.'! 

Ccraski 

1878 

6C. 

H.  Knott,  Sm. 

133 

II. 

Hind 

1854 

11  C. 

— 

134 

II. 

Heneke 

1858 

7  0. 

Sf .  W. 

134a 

I. 

Schmidt 

1876 

— 

•^ 

135 

III.? 

Hind 

1848 

— 

1). 

136 

II. 

Hind 

1803 

6  C.  18  P. 

Sm. 

137 

IV. 

Goodricke 

1784 

— 

Sm.  W. 

137a 

— 

Doichmiiller 

1883 

11C. 

— 

138 

II. 

A  rge  lander 

1853 

6C. 

— 

139 

III. 

Schmidt 

1847 

— 

Sm. 

140 

11. 

Hind 

1848 

OC. 

Sm. 

141 

11. 

Marth 

1S64? 

oc. 

— 

142 

11. 

Harding 

1811 

8  0. 

Sm. 

143 

II. 

Pogson 

1853 

11C.  20  P. 

Sm. 

The  first  column  of  the  left-hand,  page  of  Table  I.  gives  a  provis- 
ional number  for  designating  the  star.  This  numl>er  is  taken  from 
Schonfeld's  Catalogue  wlieu  the  star  occurs  there  ;  in  other  cases,  a 
letter  is  added  to  the  number.  Other  letters  may  be  employed  in 
effecting  additional  interpolations.  The  second  column  contains  num- 
bers from  the  catalogue  of  stars  observed  with  the  meridian  photom- 
eter at  the  Harvard  College  Observatory,  to  be  printed  in  Volume 
XIV.  of  the  Annals  of  that  institution.  The  letters  H.  P.  (Harvard 
Photometry),  prefixed  to  a  number,  will  denote  a  reference  to  this 
catalogue.  The  following  columns  contain  the  right  ascension  and 
declination  of  the  star  for  1875,  its  magnitude  at  maximum  and  min- 
imum, and  its  period  in  days. 

The  first  column  of  the  right-hand  page  repeats  the  number  to  be 
used  for  the  provisional  designation  of  the  star.  The  second  gives 
the  class  to  which  the  star  belongs,  upon  the  system  of  classification 
employed  in  the  Proceedings  of  the  American  Academy  of  Arts 
and  Sciences,  XV J.  257.     Upon  this  system,  Class  I.  includes  tem- 
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porary  stars ;  Class  II.,  stars  undergoing  large  variations  in  periods 
of  several  months ;  Class  III.,  irregularly  variable  stars  undergoing 
but  slight  changes  in  brightness ;  Class  IV.,  variable  stars  of  short 
period,  like  /?  Lyra  or  $  Cephei  ;  Class  V.,  Algol  stars,  or  those  which 
at  regular  intervals  undergo  sudden  diminutions  of  light,  lasting  for 
but  a  few  hours.  The  third  column  gives  the  name  of  the  discoverer, 
and  the  fourth  column  the  date.  The  fifth  column  gives  the  number 
of  nights  on  which  each  star  was  observed  in  1883  by  the  observers, 
whose  initials  are  appended  to  the  figures.  These  initials  are  placed 
in  alphabetical  order,  and  are  explained  below.  The  last  column  con- 
tains the  names  of  other  astronomers  who  are  known  to  have  observed 
the  corresponding  stars  since  1880.  Some  of  these  names  have  been 
abbreviated  as  follows :  Duner,  D. ;  Ilartwig,  II. ;  Safarik,  Sf. ; 
Schmidt,  Sm. ;  Wilsing,  W. 

The  initials  in  the  last  column  but  one  of  Table  I.  refer  to  the 
following  series  of  observations  :  — 

C.  This  series  is  carried  on  by  Mr.  S.  C.  Chandler,  Jr.,  at  the 
Harvard  College  Observatory.  The  telescope  employed  was  made  by 
Mr.  Clacey.  Its  aperture  is  6 J  inches,  and  the  magnifying  power 
employed  is  generally  45  ;  sometimes,  125  or  200.  The  observations 
were  begun  in  March,  1883,  but  their  number  has  been  greatly  in- 
creased since  October.  The  present  plan  contemplates  two  or  three 
observations  of  each  variable  belonging  to  Class  II.  during  every 
month,  whenever  it  is  sufficiently  bright  to  be  visible.  The  obser- 
vations are  made  by  Argelander's  method.  Estimates  of  magnitude 
are  also  made  independently. 

H.  These  observations  are  made  by  the  Rev.  J.  Hagen,  S.  J.,  at 
Prairie  du  Chien,  Wisconsin.  After  the  middle  of  November,  1883, 
the  observations  were  independently  repeated  by  Mr.  Zwack.  The 
instrument  is  a  telescope  by  Merz,  three  inches  in  aperture.  The  ob- 
servations are  made  by  the  division  into  tenths  of  the  interval  between 
two  comparison  stars.  A  copy  of  all  the  observations  has  been  re- 
ceived at  the  Harvard  College  Observatory,  and  is  available  for  the 
discussion  of  the  variations  of  any  of  the  stars  observed. 

L.  These  observations  were  made  by  Mr.  II.  A.  Lawrence,  and 
will  be  mentioned  below,  under  the  heading  U. 

P.  These  observations  are  made  by  Mr.  H.  M.  Parkhurst,  at 
Brooklyn,  N.  Y.,  with  a  telescope  made  by  Fitz,  nine  inches  in 
aperture.  The  magnifying  powers  employed  are  56  and  150.  Many 
of  the  observations  are  made  by  Argelander's  method,  and  the  re- 
mainder with  photometric  apparatus  devised  by  Mr.  Parkhurst,  in 
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order  to  effect  an  optical  diminution  of  the  aperture,  without  dimin- 
ishing the  brightness  of  the  field,  until  the  disappearance  of  the  star. 
The  telescope  being  fixed,  the  pencil  of  rays  is  gradually  intercepted 
and  slightly  deflected  by  a  prism,  the  proportion  of  the  light  being 
determined  by  the  time  which  elapses  after  the  passage  of  the  transit 
wire  by  the  star.  Both  accuracy  and  facility  of  reduction  are  much 
increased  by  placing  over  the  object-glass  caps  bounded  by  logarithmic 
curves.  A  copy  of  the  observations  has  been  received  at  the  Har- 
vard College  Observatory,  and  is  available  for  the  discussion  of  the 
variations  of  any  of  the  stars  observed. 

S.  These  observations  are  made  by  Mr.  E.  F.  Sawyer,  at  Cam- 
bridgeport,  Mass.,  by  means  of  an  opera-glass  for  the  brighter  stars, 
and  of  a  field-glass  for  the  others.  It  is  to  be  noticed  that  the  obser- 
vations of  the  star  95  b,  made  by  Mr.  Sawyer  on  twelve  nights,  con- 
sist in  the  observation  of  twelve  minima,  each  series  usually  including 
a  large  number  of  comparisons.  Mr.  Sawyer  has  sent  the  results  of 
all  his  observations  to  the  Astronomische  Nachrichten. 

U.  These  observations  were  made  by  Professor  Winslow  Upton, 
of  Brown  University,  during  an  expedition  to  observe  the  total  eclipse 
of  the  Sun  which  occurred  on  May  6,  1863.  The  observations  were 
chiefly  made  on  board  the  U.  S.  S.  Hartford,  but  partly  on  Caroline 
Island,  in  the  Pacific  Ocean.  No  instruments  except  a  field-glass 
were  employed  in  the  comparisons,  which  were  made  by  the  division 
into  tenths  of  the  interval  between  two  comparison  stars.  Most  of 
the  observations  were  independently  repeated  by  Mr.  II.  A.  Lawrence. 
The  stars  observed  were  all  south  of  — 30°  declination ;  no  account 
has  been  received  of  any  other  observations  of  these  southern  stars 
during  1883. 

Z.  These  observations  were  made  by  Mr.  Zwack,  and  have  already 
■been  mentioned  under  the  heading  H. 

Although  it  is  of  course  impossible  to  prepare  a  complete  list  of 
stars  suspected  of  variability,  as  distinguished  both  from  known  vari- 
ables and  from  stars  about  the  magnitude  of  which  observers  have 
slightly  differed,  the  attempt  has  been  made  in  Table  II.  to  provide  a 
list  of  stars  for  the  variability  of  which  there  is  evidence  enough  to 
make  them  interesting  objects.  When  the  variability  of  any  of  these 
stars  has  been  fully  established,  it  will  be  very  desirable  to  determine 
their  maxima,  miuima,  periods,  and  light  curves.  In  observing  these 
objects,  the  comparisons  should  be  made  either  by  Argelander's  method 
or  by  some  other  of  sufficient  precision  to  decide  the  question  of  vari- 
ability. The  mere  estimation  of  magnitudes  cannot  suffice  for  this 
purpose. 
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TABLE  II.  —  Suspected  Variables. 


No. 

H.P. 

R. 

A.  1876. 

Dec. 

1875. 

Max. 

Min. 

|          Authority. 

i 

h. 

m. 

B. 

o 

i 

i 

1 

23 

0 

0 

49 

+14 

29.7 

2.5 

3.1 

Schwab 

5 

17 

27 

—10 

9.1 

10 

— 

Horelly 

9 

^^^m 

37 

61 

+  6 

36.9 

9 

12 

Hind 

25 

«M 

1 

15 

0 

+  9 

1.0 

10 

Inv. 

Tenipel 

47 

^^M 

47 

45 

+  8 

9/J 

'    0.7 

8 

Argelunder 

49 



49 

25 

—08 

33.6 

6.6 

7.5 

Gould 

69 

^^^^ 

2 

10 

21 

+58 

22.3 

8.5 

9.5 

Safarik 

73 

^^^m 

3 

37 

37 

+  9 

0.2 

<* 

Inv. 

Palisa 

75 

^^m 

38 

1 

+23 

41 

— 

Wolff 

81 

^^mm 

46 

29 

+  7 

24.1 

6f 

8 

Gould 

87 

^^^m 

57 

46 

+23 

38.4 

95 

12 

Krcutz 

93 

^^M 

4 

14 

32 

+19 

31.1 

9.2 

10.0 

Baxendell 

97 

^ — 

32 

28 

+  13 

28.5 

9.5 

Inv. 

Palisa 

109 

•867 

49 

42 

—16 

37.2 

5.4 

0.0 

Gould 

111 

881 

53 

67 

+  8 

25.8 

6 

«2 

Gould 

113 

883 

54 

7 

—12 

43.4 

4.8 

6.7 

Gould 

139 

5 

23 

49 

—  1 

7.7 

9 

— 

A  rgc  lander 

143 

—* 

27 

23 

+21 

51.5 

»i 

"* 

Schmidt 

145 

1018 

28 

18 

+10 

9.0 

5.7 

6.7 

Gould 

147 

1021 

28 

66 

—  6 

5.5 

5 

6 

Falb  &  Gould 

161 

6 

11 

14 

—  1 

31.6 

8 

•i 

Copeland 

107 

^^_ 

69 

22 

+23 

5.9 

9.0 

12 

Safari  k 

189 

^^_ 

7 

36 

2 

—31 

22.3 

6.5 

7.4 

Gould 

195 

^^M 

43 

62 

—40 

20.0 

0.5 

7.2 

Gould 

201 

^^— 

69 

44 

+23 

8.7 

9.5 

— 

Palisa 

205 

^^_ 

8 

2 

20 

+  19 

48.3 

9.7 

14 

Peters 

209 

_ 

21 

3 

+  9 

0 

^ 

— 

Palisa 

227 

1684 

9 

13 

13 

—23 

57 

6 

a 

Schonfeld 

239 

__ 

27 

25 

—50 

29.0 

H 

Gould 

251 

.^_ 

44 

32 

+  30 

41.7 

9 

Inv. 

Schmidt 

259 

_. 

10 

1 

27 

—51 

34.8 

6* 

"i 

Gould 

269 

.^_ 

12 

65 

+  7 

49.8 

9k 

3.3 

Palisa 

271 

__ 

12 

55 

—60 

42.5 

4.5 

Gould 

277 

__ 

21 

m   m 

00 

—73 

23.7 

4.2 

5.1 

Gould 

293 

__ 

45 

33 

—20 

35.2 

6 

8 

Gould 

294 

— 

47 

2 

+14 

22.9 

9 

— 

Peters 

311 

— 

12 

7 

31 

+  o 

10.8 

8 

8.7 

Harrington 

337 

— 

32 

41 

+  17 

11.8 

8.8 

10.0 

Weiss 

339 

— . 

32 

64 

+  17 

10.7 

— 

— 

Weiss 

345 

2100 

37 

2 

—13 

10.4 

6 

7 

Schonfeld 

347 

2164 

39 

15 

+  46 

•7.4 

6 

— 

Schmidt 

305 

2293 

13 

28 

2 

—12 

35.1 

6.7 

0.3 

Schmidt 

373 

2343 

43 

27 

+  16 

25.1 

— 

— 

Schmidt 

875 

— 

47 

47 

+11 

41.1 

H 

— 

Hind 

881 

— 

66 

25 

—  1 

46.6 

8 

9 

Copeland 

883 

— 

58 

15 

—  8 

35.9 

11 

— 

Peters 

405 

— 

14 

39 

69 

—66 

8.3 

0 

7 

Gould 

407 

2475 

42 

41 

+  6 

28.9 

0 

8 

Hussey 

411 

— 

43 

42 

—76 

0.0 

6.5 

6.2 

Gould 

421 

— 

68 

9 

—68 

14.2 

7.0 

7.4 

Gould 

433 

— . 

15 

26 

63 

—48 

658 

i 

94 

Gould 

437 

— 

28 

69 

—20 

45.0 



— 

Peters 

441 

— 

30 

47 

—15 

45.5 

— 

— 

Peters 
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TABLE  II.  —  Continued. 


No. 

II.  P. 

R.  A.  1875. 

Dec.  1875. 

Max. 

Mia. 

Authority. 

447 

h. 
15 

m. 
36 

0. 
23 

o 
—10 

31.1 

7.0 

8.8 

Weiss 

449 

— 

38 

46 

—34 

17.8 

&i 

$h 

Gould 

451 

— 

39 

14 

—20 

44.3 

11 

Inv. 

Peters 

453 

— 

43 

23 

+28 

40.0 

11 

12J 

Schmidt 

459 

— 

16 

1 

11 

—21 

11.4 

11 

<13 

Peters 

471 

— 

22 

—19 

14 

— 

Inv. 

Peters 

475 

— 

30 

47 

+  7 

22.1 

i 

8 

Chandler 

483 

— 

44 

45 

—  5 

67.6 

8 

11 

Birmingham 

509 

3048 

18 

2 

43 

+28 

44 

H 

<^— 

Schwab 

511 

— 

9 

19 

—34 

8.8 

02 

7.4 

Gould 

513 

— 

9 

49 

+71 

3.1 

9 

— 

Schmidt 

517 

— 

27 

68 

+36 

63.9 

7k 

9 

Birmingham 

531 

— 

53 

32 

—37 

8.3 

10 

— 

Schmidt 

647 

3302 

10 

25 

40 

+27 

41.9 

8.3 

3.9 

Klein  . 

549 

— 

27 

9 

+17 

28.5 

G.J- 

0* 

Nature 

555 

— 

35 

19 

+12 

62.9 

o| 

«i 

Argelander 

557 

— 

37 

67 

+35 

55.2 

8| 

10 

Argelander 

667 

— 

20 

7 

8 

—22 

21.4 

11 

7 

Peters 

601 

— 

21 

1 

24 

—21 

51.3 

111 
6.1 

Inv. 

Peters 

609 

— 

12 

42 

—50 

27.6 

7.3 

Gould 

615 

— 

56 

30 

—17 

13.7 

11 

14? 

Peters 

625 

3977 

22 

23 

67 

—26 

42.7 

6* 

6.7 

Schmidt 

635 

— 

23 

14 

61 

+55 

25.8 

8.2 

8.8 

Argelander 

051 
_      J 

61 

30 

_» 

89.4 

9.7 

14? 

Peters 

The  list  given  in  Table  II.  is  extracted  from  Mr.  Chandler's  unpub- 
lished catalogue  of  suspected  variables,  and  comprises  the  objects  in 
that  catalogue  the  variability  of  which  is  suspected  on  reasonably  good 
evidence.  The  first  column  contains  the  provisional  numbers  by  which 
the  corresponding  stars  are  designated  in  Mr.  Chandler's  catalogue. 
The  second  column,  as  in  Table  I.,  gives  the  H.  P.  number.  The 
remaining  columns  contain  the  right  ascension  and  declination  for 
1875,  the  supposed  magnitude  at  maximum  and  at  minimum,  and  the 
authority  for  the  suspicion  of  variability. 

Accurate  observations  of  these  stars,  or  of  other  similar  objects,  are 
much  to  be  desired.  Information  respecting  the  dates  of  observation, 
and  results  derived  from  the  comparisons,  which  may  be  communi- 
cated by  observers,  will  be  published  in  the  circular  for  1885,  whether 
they  relate  to  1884  or  to  previous  years. 


Harvard  College  Observatory, 
Cambridge,  Mass. 
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Art.  II. — Light  of  Comparison  Stars  for  Vesta ;  by  Edward 

0.  Pickering. 

In  Professor  Harrington's  important  "  Study  of  Vesta,"which 
appeared  in  this  Journal,  III,  xxvi,  461,  the  light  of  the 
planet  was  determined  from  comparisons  with  the  two  stars 
DM.  +22°  2163  and  2164.  The  observations  were  made  with 
the  wedge  photometer,  and  were  accordingly  differential,  so  that 
the  resulting  magnitudes  of  Vesta  depend  upon  the  assumed 
magnitudes  of  the  stars,  which  were  taken  from  the  Durchmust- 
erung.  It  therefore  appeared  desirable  that  the  stars  should 
be  observed  with  the  large  meridian  photometer  of  the  Harvard 
College  Observatory,  with  the  object  of  providing  means  for  the 
reduction  of  Professor  Harrington's  results  to  absolute  measures. 
The  meridian  photometer  has  been  described  in  the  Monthly 
Notices  of  the  it.  Astron.  Society,  xlii,  365. 

The  following  table  exhibits  the  results  respectively  obtained 
for  the  two  comparison  stars.  The  first  column  contains  the 
numbers  of  the  series  to  which  the  observations  belong,  the 
second  the  dates,  and  the  third  the  initials  of  the  observers,  E. 
C.  Pickering  and  O.  C.  Wendell.  The  fourth  and  fifth  columns 
contain  residuals  expressed  in  tenths  of  a  magnitude.  The 
mean  results,  from  which  these  residuals  are  derived,  when  cor- 
rected for  atmospheric  absorption,  are  9*06  for  DM. +22°  2168 
and  5-48  for  DM.+22°  2164.  The  fifth  observation  of  DM.+ 
22°  2163  was  rejected  because  it  appeared  that  an  error  of  30° 
in  reading  the  graduated  circle  of  the  photometer  had  probably 
occurred  in  one  of  the  foiir  comparisons  which  constitute  a 
complete  observation  with  the  meridian  photometer.  The  resi- 
dual corresponding  to  the  rejected  observation  is  placed  in  brack- 
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ets.  If  the  presumed  error  of  30°  is  left  without  correction, 
this  residual  would  become  —0*9  instead  of  t- 0*2.  The 
separate  reduction  of  the  four  comparisons  gives  the  residuals 
—2-4,  0-0,  -0-5,  +0-1.  Correcting  the  first  reading  by  30°,  its 
residual  is  reduced  to  — 0*3. 


No.  of 

Date, 

Oba. 

Residuals 

Series. 

1884. 

2188         2164 

249 

March  16 

P. 

—01        o-o 

251 

March  18 

W. 

0  0         0*0 

252 

March  22 

P. 

00     -0*1 

254 

March  25 

W. 

+01      +01 

255 

March  31 

P. 

[-0*2]    -02 

261 

April    14 

P. 

+  0*1     +0-2 

The  corrections  to  be  applied  to  the  DM.  magnitudes  of  the 
stars  appear  from  these  observations  to  be  +'28  for  DM.+  22* 
2163  and+  -18  for  DM.  +22°  2164.  From  these  corrections 
may  be  derived  the  formula  i/— m=#023m4-*058,  in  which  M 
denotes  the  photometric  magnitude  of  Vesta  corresponding  to 
the  magnitude  m  given  by  Professor  Harrington. 

In  the  following  table  the  first  column  is  repeated  from  Pro- 
fessor Harrington  s  table  in  the  article  above  mentioned.  The 
second  column  contains  the  corresponding  magnitudes  of  Vesta 
computed  for  mean  opposition,  after  correction  by  the  formula 
just  obtained.  By  mean  opposition  is  understood,  as  usu^l,  the 
situation  in  which  a  planet  is  in  exact  opposition  to  the  Sun, 
while  both  the  planet  and  the  Earth  are  at  their  mean  distances 
from  the  Sun.  The  third  column  contains  the  residuals  from 
the  mean,  6'64,  of  the  corrected  magnitudes  thus  found.  The 
last  column  contains  the  residuals  showing  the  accordance  of 
Professor  Harrington's  observations  of  the  two  comparison  stars. 
Taking  the  differences  between  the  two  columns  of  his  table 
headed  2164  and  2163,  we  have  a  series  of  quantities  expressed 
in  seconds  of  time,  the  mean  of  which  is  20*6 ;  it  corresponds  to 
the  photometric  difference  in  magnitude  resulting  from  the 
observations  made  here  with  the  meridian  photometer.  This 
photometric  difference  is  9'06— 5*48  =  3*58.  These  data  show 
that  in  Professor  Harrington's  observations  one  second  of  time 
may  be  expressed  in  terms  of  magnitude  by  "174.  The  final 
i*olumn  of  the  table  here  given  accordingly  contains  the  products 
by  *174  of  the  differences  between  Professor  Harrington's 
columns  2164  and  2163,  diminished  by  the  photometric  differ- 
mce  3*58.  If  reduced  to  the  equator,  the  quantity  '174 
becomes  *16,  which  furnishes  a  determination  of  the  constant 
of  reduction  required  by  the  particular  wedge  employed.  The 
Inst  line  of  the  table  contains  the  numerical  means  of  the 
quantities  in  the  last  three  columns.  It  may  be  observed  that 
in  the  first  and  third  lines  of  the  table  the  large  residuals  in  the 
third  column  are  accompanied  by  large  residuals  in  the  final 
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column  and  are  therefore  partly  attributable  to  errors  of  obser- 
vation. In  the  seventh  line  from  the  end  of  Professor  Harring- 
ton's table,  5*84  is  assumed  to  be  a  misprint  for  6*84. 


Sidereal  time  of 

Observation. 

April,  1888. 

d.      h.       m. 

Magn. 
of  Vena. 

Beaiduals. 
Vetta.         Start. 

9    zn 

17 

7-21 

+  •57 

-•24 

13    zn 

31 

6-59 

-05 

+  •06 

ZIV 

67 

617 

-•47 

-•26 

zv 

24 

6-39 

-•25 

-•19 

15    zn 

38 

656 

-•09 

+  02 

zni 

19 

6*43 

-•21 

+  07 

zv 

43 

632 

—•32 

-•14 

16      z 

3 

673 

+  09 

00 

H 

65 

685 

+  •21 

+  •03 

zn 

26 

6-43 

-19 

+  •14 

XII 

55 

6-78 

+  •14 

+  11 

XIII 

24 

669 

+  06 

—  14 

xin 

49 

6-79 

+  •16 

-•12 

ZIV 

W 

679 

+  15 

+  •05 

17     iz 

39 

652 

-12 

+  09 

z 

11 

6-47 

-•17 

+  •12 

z 

40 

6*48 

-16 

+  •11 

XI 

5 

676 

+  •11 

—  03 

XI 

29 

6-51 

-13 

+  •12 

XI 

50 

652 

—  12 

+  '14 

zn 

11 

661 

—  03 

+  02 

zn 

31 

6  62 

—•02 

—•22 

19    xii 

41 

667 

+  •03 

—  02 

23    zn 

8 

6*82 

+  •18 

+  07 

zn 

58 

685 

+  •21 

+  •17 

26     xi 

56 

6-91 

+  •27 

—  02 

28    zn 

27 

t'84 

+  •20 

+  03 

6*64  ±*17  ±'10 

The  mean  result  for  the  magnitude  of  Vesta,  6*64,  may  be 
compared  with  the  results  formerly  obtained  at  this  Observatory 
and  published  in  the  Astronomische  Nachrichten,  cii,  151.  The 
value  obtained  from  observations  on  12  nights  in  1880  was  6*49, 
and  from  observations  on  10  nights  in  1881-2  was  6*45.  The 
differences  between  these  values  and  that  derived  from  Professor 
Harrington's  observations  do  not  seem  large,  considering  the 
fact  that  the  two  methods  of  observation  were  very  dissimilar. 
In  measuring  large  intervals  of  brightness  with  the  wedge  pho- 
tometer systematic  errors  may  perhaps  result  from  irregularities 
in  the  tint  of  the  glass  and  other  causes.  On  the  other  hand, 
the  small  meridian  photometer  used  in  the  observations  of 
Vesta  was  not  designed  for  measuring  the  light  of  objects  fainter 
than  the  sixth  magnitude,  and  even  the  brightest  asteroids  were 
seen  in  the  instrument  with  some  little  difficulty. 

The  magnitude  6*51  found  for  Vesta  in  vol.  zi  of  the  Annals 
of  this  Observatory,  page  294,  was  obtained  by  an  indirect  pro- 
cess, and  its  close  agreement  with  the  later  results  just  mentioned 
is  probably  accidental. 

Harvard  College  Observatory,  Cambridge,  Mats.,  May  19,  1884. 
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CXLVI. 

i 

ON  A  PRACTICAL  SOLUTION  OF  THE  PERFECT 

SCREW  PROBLEM. 

BT  WILLIAM  A.  ROGERS.  CAMBRIDGE,  MAPS. 

At  the  outset  of  a  discussion  of  the  problem  indicated  by  the 
title  of  this  paper,  it  is  clearly  essential  that  the  term  "  perfect 
screw  "  shall  be  defined  in  the  most  explicit  May.  Perfect  is  a 
relative  term.  For  certain  purposes  a  piece  of  mechanism  may 
bo  perfect,  while  it  might  fail  to  meet  the  most  simple  require- 
ments of  another  problem.  In  another  paper  the  writer  has  used 
the  illustration  furnished  by  the  carpenter  who  was  called  to  level 
up  his  comparator,  but  it  will  bear  repeating  in  this  connection. 
He  had  been  furnished  with  an  astronomical  level,  but  in  a  short 
time  he  returned  in  great  disgust,  saying  that  "  the  level  was  good 
for  nothing — that  it  bobbed  all  about."  "  But,"  said  he,  "I  have 
a  level  at  home  which  will  settle  at  the  same  spot  every  time,"  and 
he  insisted  that  he  should  be  allowed  to  go  home  and  get  the  level 
that  would  "  settle  at  the  same  spot  every  time."  He  was  allowed 
to  do  the  work  in  his  own  way,  and  shortly  afterward  he  triumphantly 
pointed  out  the  evidence  that  the  bed  of  the  comparator  was  per- 
fectly level.  It  need  not  be  said  that  the  most  elementary  test 
showed  that  the  bed  was  not  level,  notwithstanding  the  evidence 
pointed  out  by  our  good  friend  the  carpenter. 

A  piece  of  mechanism  of  the  class  which  the  French  would  call 
mechanism  of  precision  may  be  termed  perfect  when  it  meets  all 
the  requirements  of  the  purpose  for  which  it  was  constructed.  Let 
us  apply  this  definition  to  any  mechanism  which  involves  the  use 
of  a  good  screw. 

The  cross-head  of  a  planer  receives  its  vertical  movement  through 
two  screws.  If  one  6crewhas  a  pitch  differing  from  the  other,  it  is 
evident  that  new  adjustments  will  be  required  for  every  elevation. 
But  if,  after  the  proper  adjustment  has  been  made  at  one  elevation, 
it  is  found  that  the  working  parts  of  the  planer  remain  constant  at 
whatever  height  the  cross-head  may  be  raised,  the  screws  may  in 
this  case  properly  be  called  perfect.  Yet,  if  these  two  screws 
were  removed  from  their  connection  with  other  working  parts,  it 
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would  without  question  be  found  that  measurable  errorj  of  pitch 
could  be  detected  and  measured. 

A  short  screw  made  at  the  works  of  the  Waltham  Watch  Com- 
pany will  be  presently  described.  If  reliance  could  be  placed  upon 
the  severe  tests  of  direct  measurement  which  have  been  applied  to 
graduations  produced  by  this  screw,  it  might  be  fairly  called  per- 
fect. On  this  bar  of  speculum  metal  5,000  lines  are  ruled  within 
a  space  of  half  an  inch,  producing  what  is  called  a  diffraction  grat- 
ing. When  this  grating  is  subjected  to  examination  under  the  spec- 
troscope, there  are  certain  optical  tests  of  the  accuracy  of  the  spacing 
for  short  intervals  which  will  at  once  detect  errors  which  must 
always  elude  the  most  careful  tests  by  direct  measurement.  To  the 
naked  vision  there  would  not  seem  to  be  much  difference  between 
this  grating  and  those  produced  by  Rutherford,  and  especially  the 
magnificent  gratings  from  the  machine  of  Professor  Rowland,  but 
tried  by  optical  tests  the  difference  is  really  so  great  that  if  all  the 
errors  could  be  charged  to  the  screw  itself  the  claim  of  perfection 
could  not  hold  for  a  moment. 

It  has  been  intimated  that  the  errors  6hown  by  optical  tests  in 
diffraction  gratings  may  not  after  all  be  entirely  chargeable  to  the 
screw.  The  flatness  of  the  surface  ruled,  any  unequal  friction  be- 
tween the  nut  and  the  screw,  the  character  of  the  groove  cut  by  the 
ruling  diamond — these  and  many  other  considerations  determine 
the  character  of  the  grating.  It  is  now  well  known  that,  severe  as 
the  optical  test  is,  in  the  detection  of  periodic  errors  depending  on 
single  revolutions  of  the  screw,  it  fails  in  the  detection  of  errors 
separated  at  wide  intervals.  Indeed,  even  in  the  most  perfect  of 
all  machines,  Professor  Rowland's,  he  is  obliged  to  employ  a  "cor- 
rector" to  eliminate  the  errors  which  are  beyond  the  limits  of  direct 
measurement.  The  writer  is  well  aware  that  he  should  speak  with 
a  good  degree  of  moderation  in  this  connection,  since  he  has  to  a 
certain  extent  failed  where  Professor  Rowland  has  succeeded;  but 
Professor  Rowland  has  a  supreme  knowledge  of  the  problem  both 
as  a  physicist  and  as  a  mathematician,  and  his  success  has  been 
achieved  by  the  power  of  keen  analysis,  aided  by  his  little  "cor- 
rector "  and  a  precise  knowledge  how  to  use  it,  having  as  the  basis 
of  his  work  a  most  excellent  but  not  a  perfect  screw. 

Let  us  take  another  illustration.  A  cathetometer  is  an  instru- 
ment for  the  measurement  of  vertical  distances  by  means  of  one  or 
more  telescopes  attached  to  a  vertical  standard  upon  which  there  is 
a  graduated  scale,  usually  one  meter  in  length  with  subdivisions  to 
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millimeters.  There  are  several  well-known  manufacturers  of  physi- 
cal apparatus  in  Europe,  who  advertise  that  these  graduations  are 
without  sensible  error.  An  investigation  of  the  errors  of  several  of 
these  graduated  scales  during  the  past  three  years  has  6hown  that 
in  every  case  they  were  nearly  within  the  requirements  of  the  op- 
tical power  of  the  telescopes  employed,  but  it  needed  only  the 
most  superficial  examination  under  the  microscopes  of  the  com- 
parator to  place  them  instantly  far  below  the  lowest  limit  required 
in  an  exact  standard  of  length. 

Illustrations  almost  without  limit  might  be  multiplied  to  bIiow  the 
necessity  of  defining  the  limit  of  accuracy  with  which  one  ought  to 
be  content  in  mechanical  construction.  It  goes  without  saying  that 
real  progress  begins  when  the  mechanician  recognizes  that  there  is 
such  a  limit.  A  short  time  since,  the  writer  asked  Mr.  Sharpe,  of 
the  firm  of  Darling,  Brown  &  Sharpe,  if  he  would  undertake  to 
grind  a  perfect  cylinder.  His  reply  was  very  suggestive.  He  said : 
"  We  are  not  making  perfect  mechanism  of  any  kind  any  longer 
in  this  establishment.  A  few  years  ago  we  felt  competent  to  un- 
dertake perfect  work  of  any  and  every  kind,  but  we  have  grown 
wiser  since  then."  Need  it  be  said  that  the  work  done  by  thiB 
company  is  in  many  respects  of  a  higher  grade  than  it  was  ten  years 
ago? 

Five  or  six  years  ago,  the  writer  was  ruling  lines  120,000  to 
the  inch  more  or  less,  and  he  thought  nothing  of  obtaining  for  the 
probable  error  of  a  set  of  measures  of  graduations,  figures  low  down 
in  the  million ths  of  an  inch.  It  has  since  been  learned  by  some  not 
very  pleasant  experience  that  figures  do  not  always  tell  the  truth, 
especially  figures  which  represent  what  are  known  as  "  probable 
errors" — that  while  straining  at  very  small  gnats,  several  very 
large  camels  walked  by  unperceived. 

Let  us  now  endeavor  to  answer  the  question  —  What  ought  we  to 
expect  of  a  perfect  screw  ?  Those  of  you  who  are  accustomed  to 
make  screws  will  at  once  say  that  the  answer  depends  to  a  large  ex- 
tent upon  the  length  of  the  screw.  And  so  it  does  under  the  ordi- 
nary methods  of  construction,  but  in  the  Rogers-Ballou  process, 
which  will  presently  be  described,  it  is  claimed  that  a  screw  6  feet 
in  length  can  be  cut  with  nearly  the  same  accuracy  as  a  screw  6 
inches  long. 

At  this  point  it  is  important  that  the  errors  to  which  screws  are 
subject  should  be  defined  with  the  utmost  clearness.  They  are  ot 
three  kinds : 
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(a)  An  error  in  the  total  length.  Supposing  the  pitch  to  be 
uniform  at  every  point  between  the  terminal  threads,  the  whole 
length  may  either  exceed  or  fall  short  of  the  unit  of  length  adopted, 
e.  g.,  the  yard  at  the  standard  temperature,  62  Fahr. 

(b)  Even  if  the  whole  length  is  correct,  the  pitch  of  the  screw 
for  even  revolutions  may  not  be  uniform.  In  a  perfect  screw  the 
distance  from  face  to  face  of  every  thread  in  a  line  parallel  with 
the  axis  of  the  screw  will  be  the  same.  That  is,  the  inclined  planes 
formed  by  the  threads  are  everywhere  parallel  and  equidistant. 

(e)  Even  if  conditions  (a)  and  (b)  are  fulfilled  there  may  yet 
remain  a  very  troublesome  class  of  errors,  which  are  a  function  ot 
single  revolutions  of  the  screw.  If  I  rule  11  lines  corresponding 
to  even  tenths  of  a  revolution  of  the  screw,  I  may  find,  from  an  ex- 
amination of  the  spaces  formed,  that  there  is  a  gradual  but  very 
small  increase  in  the  length  of  each  successive  space  up  to  a  certain 
point,  when  a  maximum  value  is  reached.  After  this  a  diminution 
takes  place  which  goes  on  until  the  amount  of  decrease  is  equal  to 
the  amount  of  the  previous  increase.  Errors  of  this  class  are 
usually  designated  "  periodic  errors,"  since  they  are  a  function  of  a 
complete  revolution  of  the  screw.  Expressed  in  mathematical  lan- 
guage, every  measured  space  gives  an  expression  of  the  form 

A  =  m  +  a  sin.  x  +  b  cos.  x  +  a'  sin.  2x  +  b'  cos.  2x,  etc., 

in  which : 

A  =  the  required  error. 

m  =  a  constant. 

x  =  the  angle  of  revolution. 

a,  by  a',  b'9  etc.      =  unknown  coefficients  to  be  determined  from 

a  series  of  equations  by  the  process  of 

Least  Squares. 

It  is  important  that  we  shall  ascertain  what  efforts  have  been 
made  to  overcome  these  errors  in  the  construction  of  screws. 

It  is  well  known  that  the  earliest  systematic  efforts  to  place  the 
screw  problem  upon  a  substantial  and  scientific  basis  were  made  by 
Whitworth,  but  he  profited  by  the  labors  of  still  earlier  investi- 
gators. The  following  account  of  the  early  efforts  in  this  direc- 
tion, communicated  to  me  by  Mr.  H.  J.  Chaney,  Warden  of  the 
Imperial  Standards  of  Great  Britain,  is  such  a  clear  and  concise 
statement  of  what  was  accomplished  by  the  early  inveetigators  in 
this  field  that  it  is  quoted  entire,  although  it  was  not  communicated 
for  the  purpose  of  publication : 
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"  In  the  rapid  development  of  steam  machinery  there  was  felt  a 
necessity  for  accuracy  and  interchangeability  in  parts,  which  in  the 
screw  took  practical  form  nearly  half  a  century  since;  first  in 
the  production  of  a  standard  guide  screw,  and  subsequently  in  the 
demand  for  a  uniform  system  of  screw  threads. 

"  In  this  country  it  is  perhaps  to  the  eminent  engineering  firm 
of  Messrs.  Maudslav  &  Co.  that  we  are  indebted  for  the  first  at- 
tempt  to  construct  a  perfect  system  of  screwB.  For  his  dividing 
engine,  however,  Mr.  Bryan  Donkin  had  constructed  in  the  year 
1828  a  standard  screw  fitted  with  a  compensating  bar,  by  means  of 
which  the  errors  of  different  parts  of  the  6crew  were  allowed  for. 
Many  screws  were  cut  by  this  machine,  some  of  which  were  given 
to  various  scientific  friends.  Sir  Joseph  Whitworth  among  others 
had  one  of  these  screws  in  the  year  1843. 

"  Messrs.  Maudslav  had  the  advantage  of  the  assistance  of  a  work- 
man whose  name  is  now  identified  with  all  that  is  systematic  and 
accurate  in  screw  work — Whitworth,  and  who  subsequently  left 
them  to  take  part  under  Mr.  Clements,  of  Lambeth,  in  the  con- 
struction, as  I  understand,  of  Babbage's  Difference  Engine,  and 
there  produced  with  Clements  the  first  standard  guide  screws. 

"  In  a  paper  communicated  to  the  Institution  of  Civil  Engineers 
in  1841,  Whitworth  discussed  the  question  of  the  want  of  uni- 
formity of  screw  threads,  and  put  forward  a  series  of  sizes  adapted 
to  the  use  of  engineers.  These  sizes  differed  from  Maudslays',  and 
appear  to  have  been  a  compromise  between  sizes  then  generally  in 
use.  For  iron  piping,  Whitworth  took,  as  is  well  known,  some 
sizes?  which  had  been  adopted  by  Messrs.  James  Russell  &  Son, 
pipe  manufacturers. 

"  For  engineering  purposes  the  Whitworth  thread  appears  now  to 
be  generally  adopted.  For  many  other  purposes  the  want  of  a 
common  standard  gauge  for  screws  is  much  felt.  A  committee  of 
the  British  Association  appointed  in  1881  for  the  purpose  of  deter- 
mining a  gauge  for  the  manufacture  of  small  screws  used  in  elec- 
trical apparatus  and  clock-work,  adopted  a  pitch  similar  to  the 
Whitworth  pitch  for  all  sizes  down  to  a  J  inch,  and  also  adopted 
the  Whitworth  thread  above  or  below  J  inch.  This  committee 
have  made  no  definite  report,  and  there  appears  to  be  much  differ- 
ence of  opinion  on  the  questions  as  to  the  inch  or  millimeter  units, 
the  angle  of  the  threads,  descriptive  number  of  each  size,  etc." 

At  the  outset  of  a  discnssion  of  the  screw  problem,  and  especially 
as  a  preliminary  to  any  attempt  to  improve  upon  existing  methods 
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of  construction,  it  seemed  important  to  ascertain  just  what  degree 
of  accuracy  had  been  attained  thus  far  in  the  manufacture  of  pre- 
cision screw*.  Accordingly,  in  1879  the  writer  visited  Baltimore, 
Philadelphia,  Schenectady,  New  York  and  Providence,  and  obtained 
transfers  from  screws  by  Perreaux,  Bianchi,  Clement,  Brown  & 
Sharpe,  and  Rutherford.  As  far  as  could  be  learned,  these  were  the 
only  screws  at  that  time  in  this  country  possessing  any  claim  to 
more  than  ordinary  accuracy.  In  London,  a  yard  with  subdivisions 
into  inches  was  obtained  from  the  dividing  engine  used  by  Trough- 
ton  &  Sims  in  ordinary  work.  In  Paris  a  meter  with  subdivisions 
to  decimeters  was  obtained  from  the  dividing  engine  of  Desmou- 
lins-Froment.  Access  could  not  be  obtained  to  the  dividing  engine 
of  Brunner  Freres,  but  a  standard  centimeter  subdivided  to  tenths 
of  millimeters  was  obtained  from  this  firm. 

Application  was  made  to  Sir  Joseph  Whitworth  &  Co.  for  a 
screw  one  meter  in  length,  but  the  reply  was  returned  that  the  com- 
pany was  not  prepared  to  do  work  of  this  class  with  the  degree  of 
precision  required.  Froment,  of  Paris,  however,  accepted  the 
order,  but  it  was  not  until  after  two  years  that  the  screw  was  de- 
livered. 

It  does  not  seem  necessary  to  include  in  this  paper  a  full  account 
of  the  investigation  of  the  errors  of  these  screws.  The  results  can 
be  stated  in  a  few  words. 

(a)  In  only  two  cases  was  the  total  length  found  to  be  substan- 
tially correct, — viz.,  in  a  yard  and  meter  made  by  Brown  &  Sharpe 
and  in  a  meter  by  Froment.  But  in  both  of  these  cases  the  total 
length  was  varied  to  correspond  with  the  unit  of  length  adopted  by 
means  of  a  "  corrector."  Brown  &  Sharpe  have  always  exercised 
their  undoubted  right  of  declining  to  allow  a  personal  inspection  of 
their  processes,  but  I  cannot  be  far  from  right  in  saying  that  a  cor- 
rector was  employed  not  only  in  the  correction  of  the  total  length, 
but  also  in  the  correction  of  errors  due  to  the  irregularities  of  the 
screw.  In  Paris,  Froment  accorded  the  rare  privilege  of  a  personal 
inspection  of  his  dividing  engine.  It  was  estimated  that  the  cor- 
rector eliminated  errors  amounting  to  about  one-tenth  of  a  milli- 
meter, or  about  one-two  hundred  and  fiftieth  of  an  inch.  In  the 
remaining  cases  the  error  in  the  total  length  was  in  no  case  less  than 
one  two-hundred-and-fiftieth  of  an  inch,  and  in  one  case  it  reached 
one-tenth  of  an  inch  in  one  yard. 

(J)  In  every  case  in  which  a  corrector  was  not  employed  the 
errors  depending  on  single  revolutions  of    the  screw  were  yery 
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large,  while  the  variation  in  the  pitch  at  different  points  along  the 
screw  varied  between  Tfy  inch  and  x^  inch. 

If  one  can  judge  of  the  screws  made  by  German  manufactnrers 
by  the  graduations  of  German  cathetometers,  they  would  appear 
to  be  at  least  of  no  higher  grade  than  those  of  French  or  Ameri- 
can manufacture. 

It  appears  safe  to  conclude  that  with  the  exception  of  the  Ruth- 
erford screw,  of  a  few  micrometer  screws  by  Alvan  Clark  &  Sons, 
and  perhaps  of  a  small  number  of  screws  of  the  same  class  by  Hil- 
.ger,  of  London,  by  Brunner  Fibres,  of  Paris,  and  by  Repsold,  of 
Hamburg,  there  was  not  in  the  year  1880  a  single  screw  in  exist- 
ence which  could  be  shown  by  a  published  discussion  of  its  errors 
to  be  sufficiently  uniform  in  pitch  to  entitle  it  to  the  rank  of  a  pre- 
cision screw. 

One  does  not  need  to  go  very  far  in  assigning  a  cause  for  the 
failure  to  make  any  important  advance  in  the  construction  of 
screws.  According  to  the  existing  methods  of  manufacture,  the 
maker  of  a  screw  has  absolutely  no  precise  knowledge  of  the  form 
and  dimensions  of  the  thread  which  he  cuts  till  the  screw  is  com- 
pleted. It  is  well  known  that  several  devices  have  been  employed 
to  test  the  accuracy  of  the  screw  during  its  construction,  but*  they 
nearly  all  involve  the  errors  of  a  combination  of  threads,  inzpead 
of  the  error 8  of  single  threads. 

It  has  been  the  custom  to  assume  that  the  residual  errors  of  a 
screw  can  be  worked  out  by  grinding  with  a  lead  nut.  The  ordi- 
nary methods  of  grinding  are  wholly  inadequate,  especially  in  the 
elimination  of  the  errors  depending  on  one  revolution  of  the  screw, 
when  combined  with  uniformly  increasing  or  decreasing  variations 
in  pitch  for  successive  threads. 

The  action  of  a  grinding  nut  may  be  likened  to  that  of  a  harrow 
upon  a  ploughed  field.  The  harrow  will  easily  smooth  down  the 
furrows  freshly  turned  by  the  plough,  but  it  would  be  making  a  too 
serious  demand  upon  it  to  require  that  it  should  level  down  hills  or 
even  hillocks.  The  whole  difficulty  in  grinding  consists,  first,  in 
the  fact  that  the  action  between  the  nut  and  the  screw  is  to  a  cer- 
tain extent  mutual,  and,  second,  that  the  threads  of  a  screw  are 
ground  in  comlnnatioji,  and  not  each  by  itself.  A  grinding  nut  will 
easily  work  out  6hort  and  irregular  variations  in  pitch,  but  it  will 
not  eliminate  long  sweeps  of  errors  except  by  accident.  I  shall 
presently  recur  to  this  matter  in  connection  with  the  discussion  of 
two  typical  screws. 
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(c)  The  ayrparent  irregularities  in  screws  are  due,  first,  to  the 
errors  in  the  pitch  of  the  screw  itself  \  and,  second,  to  the  unequal 
friction  between  the  nut,  tJie  screw,  and  the  ways  upon  which  the 
carriage  driven  by  the  nut  moves.  Abundant  experience  has 
proved  this  statement  to  be  true.  In-  the  first  dividing  engine  con- 
structed for  the  writer  by  Buff  &  Berger,  of  Boston,  the  nut  was  at 
first  connected  rigidly  with  the  carriage.  After  an  experience  of 
two  years  it  was  found  impossible  to  get  the  same  system  of  errors 
for  the  screw  in  successive  trials  if  the  slightest  change  was  made 
in  the  relation  of  the  working  parts  of  the  machine.  By  touching 
a  screw  here  or  there  it  was  found  possible  even  to  reverse  the  sign 
of  the  correction  depending  on  one  revolution  of  the  screw.  About 
187S  a  free  nut  was  first  employed,  i.e.,  the  nut  now  travels  freely 
upon  the  screw,  without  the  slightest  binding,  pushing  the  car- 
riage before  it.  From  that  time  to  this,  the  system  of  corrections 
required  for  the  screw  has  remained  unchanged,  and  I  now  use  pre- 
cisely the  same  values  as  were  computed  five  years  ago.  The  con- 
stancy of  the  corrections  was  greatly  aided  by  the  use  of  finely  pow- 
dered graphite  as  a  lubricant.  A  similar  experience  with  some 
micrometer  screws  made  for  the  meridian  circle  of  Harvard  Col- 
lege Observatory  by  Mr.  Geo.  Clark,  of  the  firm  of  Alvan  Clark  & 
Sons,  was  very  instructive.  One  of  the  screws  was  mounted  and 
dismounted  nine  times,  and  in  every  case  different  systems  of 
errors  were  obtained,  the  extreme  difference  being  about  ^^^  inch. 

There  are  a  few  fundamental  requirements  which  must  be  abso- 
lutely met  in  the  successful  construction  of  a  screw.  Let  us  try  to 
state  these  requirements  in  the  most  simple  and  positive  terms: 

(1)  The  shaft  to  be  threaded  must  maintain  a  true  cylindrical 
form  during  every  part  of  a  revolution  and  during  every  successive 
revolution,  i.  e.,  the  axis  of  motion  must  be  a  straight  line. 

(2)  The  cutting  tool  must  travel  in  a  line  exactly  parallel  with 
the  axis  of  the  screw  to  be  cut.  This  requirement  demands  first 
that  the  ways  upon  which  the  carriage  of  the  screw-cutting  machine 
travels  shall  be  straight,  allowing  the  carriage  to  move  in  a  hori- 
zontal plane.  Especial  attention  must  therefore  be  paid  to  the 
elimination  of  the  flexure  of  the  bed-plate  upon  which  the  ways  are 
cut.  Second,  the  ways  must  be  free  from  horizontal  curvature,  al- 
lowing the  carriage  to  move  in  a  true  vertical  plane.  Expressed  in 
general  terms,  the  conditions  to  be  fulfilled  require  that  every 
movement  of  the  cutting  tool  with  respect  to  the  screw  to  be  cut 
shall  be  referred  to  an  invariable  refertence  plane. 
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(3)  The  cutting  tool  must  give  to  each  single  thread  approxi- 
mately its  proper  form  and  pitch  daring  each  successive  operation 
of  cutting,  independently  of  every  other  thread. 

If  these  conditions  can  be  fulfilled  in  the  construction  of  a  6crew, 
there  is  no  reason  why  the  residual  errors  may  not  be  reduced  far 
below  the  limit  reached  in  our  present  practice. 

Let  us  now  venture  to  define  the  limit  which  ought  to  be 
reached.  First,  a  screw  ought  to  be  capable  of  measuring  as 
closely  as  a  skillful  mechanic  can  calliper.  In  ordinary  practice  that 
limit  may  be  placed  at  about  80&0o  inch,  but  in  the  hands  of  a  person 
in  which  the  sense  of  feeling  has  been  cultivated  even  but  slightly, 
a  good  calliper  will  detect  variations  in  the  diameter  of  a  small 
cylinder  amounting  to  about  -^^  inch. 

Second,  experience  has  shown  that  the  limit  cf  certainty  in 
measuring  short  spaces,  e.  g.,  two  or  three  inches,  is  about  y^^- 
inch,  while  for  longer  intervals,  in  which  flexure  comes  into  play, 
the  limit  should  be  placed  at  between  ufas  and  87^inr  inch. 

It  would  appear,  therefore,  that  we  ought  to  demand  of  a  pre- 
cision 6crew  that  it  shall  have  no  error  much  exceeding  the  lowest 
limit  named.  Of  course,  the  average  error  of  adjacent  threads 
would  in  this  case  be  far  less.  If  it  is  possible,  therefore,  to  con- 
struct a  screw  whose  error  shall  not  rise  above  this  limit,  it  may 
fairly  be  termed  a  screw  of  precision,  or,  if  you  choose,  a  "  perfect 
screw." 

In  the  fall  of  1882,  Mr.  Geo.  F.  Ballon,  who  is  now  superintendent 
of  the  Ballou  Manufacturing  Co.  of  Hartford,  Conn.,  which  has  un- 
dertaken the  manufacture  of  improved  lathe  and  precision  screws 
by  what  has  been  designated  the  Rogers-Ballou  process,  joined  the 
writer  in  an  attempt  to  give  a  practical  application  to  the  principles 
of  construction  which  have  been  outlined  in  this  paper.  For  about 
four  years  previous  to  this  time,  Mr.  Ballou  had  been  engaged  in 
making  a  dividing  engine  which  Mr.  Chas.  Van  Woerd,  at  that 
time  mechanical  superintendent  of  the  Waltham  Watch  Company, 
undertook  to  construct  upon  my  order. 

A  high  limit  of  precision  was  soon  reached  in  the  construction  of 
a  short  screw,  having  a  working  length  of  about  4  inches,  although 
the  hope  of  obtaining  from  it  an  improvement  in  diffraction  grat- 
ings was  not  realized.  But  in  every  attempt  to  make  a  screw  hav- 
ing a  length  of  half  a  meter  it  was  found  impossible  to  go  beyond 
a  certain  limit  by  the  ordinary  methods  of  construction  and  correc- 
tion.    After  experimenting  in  various  ways  for  nearly  two  years, 
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Mr.  Van  Woerd  decided  to  adopt  the  form  of  a  sectional  screw. 
Threads  were  cut  upon  ferrules  1|  inches  in  length,  each  ferrule 
being  cut  from  the  same  part  of  the  leading  screw.  These  ferrules 
were  then  placed  upon  a  cylindrical  shaft,  and  adjusted  in  such  a 
way  that  the  threads  of  the  adjacent  ferrules  would  match. 

The  method  itself  is  not  new  ;  Whitworth  tried  it  and  aban- 
doned it  many  years  ago.  Mr.  Van  Woerd,  however,  by  the 
method  described  in  patent  No.  293,930,  claimed  that  the  difficul- 
ties encountered  by  Whitworth  were  entirely  overcome. 

Mr.  Ballou  had  done  all  of  the  actual  work  of  construction  up  to 
the  point  of  the  application  of  the  new  method  of  making  the  ferrules. 

About  this  time  an  order  was  received  from  Professor  Wm.  A. 
Anthony  for  the  construction  of  a  dividing  engine  for  the  Physical 
Department  of  Cornell  University.  Upon  accepting  the  order,  a 
shop  was  fitted  up  in  Boston  with  tools  of  the  best  quality,  chiefly 
from  the  establishment  of  Pratt  &  Whitney,  and  Mr.  Ballou  under- 
took the  construction  of  the  engine,  mainly  from  his  own  designs, 
and  of  the  screw  which  is  its  essential  part.  The  completed  ma- 
chine was  shipped  in  just  35  weeks  after  the  actual  commencement 
of  the  work ;  and  the  screw,  which  will  be  presently  discussed,  was 
cut  and  ground  in  27  hours  from  the  time  the  first  tracing  of  a 
thread  was  made.  It  was  at  that  time  practically  perfect  for  about  20 
inches,  and  nearly  as  perfect  as  it  afterward  became  by  the  process 
of  grinding  adopted.  Notwithstanding  the  fact  that  the  work  was 
done  upon  a  common  lathe  in  which  the  errors  of  the  leading  screw 
were  enormously  large,  the  result  showed  that  the  method  employed 
was  based  upon  correct  mechanical  principles,  and  was  entirely 
feasible. 

This  method  can  bo  described  in  a  very  few  words. 

Let  the  reader  hold  clearly  in  mind  the  following : 

There  are : 

(a)  An  ordinary  lathe,  the  ways  of  which  have  been  made  as 
nearly  straight  as  possible. 

(J)  A  shaft  between  dead  centers  which  maintains  a  cylindrical 
form  during  every  revolution  and  every  part  of  a  revolution. 

(c)  A  microscope  provided  with  Tolles'  opaque  illuminator  for 
viewing  opaque  objects,  attached  to  the  carriage  moved  by  the  lead- 
ing screw  of  the  lathe. 

(d)  A  graduated  bar  mounted  independently  of  the  carriage 
with  subdivisions  which  are  multiples  of  single  threads  of  the 
leading  screw. 
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(e)  A  slide  moving  parallel  with  the  leading  screw,  by  means  of 
a  very  short  and  firmly  mounted  micrometer  screw  of  compara- 
tively large  diameter  and  attached  firmly  to  the  carriage.  The  tool- 
post  is  secured  firmly  to  this  secondary  slide. 

(f)  A  mechanical  means  of  determining  when  the  leading  screw 
has  made  a  complete  revolution. 

The  method  of  proceeding  was  as  follows : 

(1)  The  graduated  bar  having  been  leveled  up  and  set  parallel 
to  the  axis  of  the  screw  to  be  cut,  the  micrometer  of  the  microscope 
was  set  upon  the  initial  line.  The  lathe  was  then  started  with  the 
leading  screw  "  in  feed."  After  the  screw  had  made,  for  example, 
nearly  ten  revolutions,  the  lathe  was  stopped  and  the  remainder  of 
the  even  revolution  was  completed  by  hand  manipulation.  The  de- 
viation of  the  micrometer  line  from  the  corresponding  graduation 
upon  the  bar  was  then  measured  in  terms  of  the  screw-head  of  the 
secondary  micrometer  screw.  In  this  way  the  errors  of  the  leading 
screw  with  respect  to  the  graduations  of  the  standard  bar  were  de- 
termined and  written  down  upon  a  strip  of  paper  pasted  to  the  ver- 
tical face  of  the  bar. 

(2)  The  carriage  was  then  started  again  with  the  cutting  tool  in  ope- 
ration, and  by  means  of  a  rough  pointer,  the  micrometer  screw 
working  the  secondary  slide  was  fed  either  forward  or  backward, 
in  accordance  with  the  corrections  before  determined.  Hence, 
when  any  even  revolution  was  completed,  it  would  be  found  that 
the  line  of  the  bar  would  be  nearly  under  the  cross  wire  of  the 
microscope.  This  operation  was  kept  up  until  the  screw  was  fin- 
ished. 

At  the  completion  of  the  operation  of  cutting,  it  was  found — 

First,  That  the  total  length  of  the  screw  corresponded  nearly 
with  the  length  of  the  line  standard  from  which  it  was  cut. 

Second,  That  there  were  at  many  points  minute  irregularities  of 
pitch,  due  to  the  fact  that  the  application  of  the  corrections  inter- 
mediate between  the  main  divisions  had  not  been  exactly  made. 

Third,  That  the  crucial  test  of  the  removal  of  these  irregulari- 
ties by  grinding  with  a  brass  nut  was  a  complete  success.  As  had 
been  predicted,  they  were  for  the  most  part  removed  after  an 
hour's  grinding. 

The  method  of  testing  was  as  follows  :  Two  half  nuts  with  pro- 
jecting arms  resting  upon  the  / \  shaped  way  were  first  placed 

at  a  fixed  interval  apart.  A  microscope  was  mounted  upon  one 
nut  and  coincidence  was  made  between  the  micrometer  wire  of 
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the  microscope  and  a  line  drawn  upon  the  opper  surface  of  the  other 
nut  It  is  obvioua  that  if  the  relation  between  the  different 
threads  of  the  screw  remained  constant,  the  line  under  the  micro- 
scope would  remain  constant.  This  constancy  under  a  halt-inch 
objective  was  maintained  for  about  twenty  inches.  Then  the  nnrs 
began  to  separate,  and  the  separation  continued  until  the  maximum 
deviation  amounted  to  about  -^Vr  of  an  inch ;  but  near  the  end  the 
nuts  came  back  to  their  first  relation. 

In  order  to  eliminate  these  residual  errors,  together  with  the 
remaining  errors  which  were  a  function  of  one  revolution  of 
the  screw,  the  following  method  was  employed.  The  grinding  nnt 
was  made  in  two  halves,  in  such  a  manner  that  a  constant  relation 
was  maintained  between  the  two  halves,  both  in  their  normal  and  in 
reversed  positions.  By  grinding  the  screw  first  with  the  two 
halves  of  the  nut  in  their  normal  relation  and  then  in  reversed  re- 
lations, the  tendency  was  to  continually  work  out  the  periodic  errors 
of  the  screw,  with  the  exception  of  minute  errors  which  were  trans- 
ferred from  the  screw  to  the  nut  during  the  operation  of  grinding. 

In  order  that  the  nut  might  grind  without  disturbing  the  general 
relation  between  the  threads,  a  cast-iron  cylinder  with  a  centre  at 
the  bottom  was  filled  with  the  best  sperm  oil,  and  the  screw  was 
mounted  vertically  upon  this  centre.  At  first  two  broad  fans  were 
attached  to  the  nut  in  the  hope  that  the  resistance  of  the  oil, 
which  in  this  case  would  be  symmetrical  with  respect  to  the  axis 
of  the  screw,  would  be  sufficient  to  drive  the  nut  upon  the  screw. 
As  this  movement  was  found  to  be  too  slow,  a  guiding  rod  was 
used. 

The  grinding  process  was  continued  for  three  weeks,  and  the  re- 
sults obtained  confirmed  previous  experience.  At  the  end  of  the 
first  week  the  maximum  error  of  -^^  of  an  inch  had  been  reduced 
about  one-half,  but  it  was  found  that  small  errors  had  been  intro- 
duced in  the  mean  time  at  other  points,  through  a  slight  transfer  of 
the  errors  of  the  screw  to  the  nut  itself  and  from  thence  back 
to  the  screw.  Near  the  end  of  the  second  week  the  screw  was 
clearly  less  perfect  as  a  whole  than  at  the  commencement  of  the 
operation  of  grinding.  Mr.  Ballou  then  recut  the  nut,  making 
its  diameter  a  little  less  than  than  that  of  the  screw.  With- 
in a  few  hours  thereafter  a  decided  improvement  was  ob- 
served. A  new  nut  was  made  at  the  end  of  the  second  week  hav- 
ing its  diameter  still  a  little  less  than  before.  During  the  third 
week  the  gain  consisted  for  the  most  part  in  eliminating  the  errors 
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which  had  been  introduced  during  the  second  week.  Throughout 
the  entire  operation  of  grinding,  reversals  were  made  every  hour 
both  of  the  two  halves  of  the  nut  and  of  the  screw  upon  its  centres. 

For  a  comparison  of  the  old  with  the  new  method  of  cutting 
screws  the  sectional  screw  made  by  Mr.  Van  Woerd  has  been 
chosen  ;  Jirst,  because  its  errors  are  less  than  those  for  either  of  the 
long  screws  which  preceded  it,  and,  second,  because  it  seemed 
important  to  ascertain  whether  a  sectional  screw  can  be  made 
which  possesses  decided  advantages  over  the  ordinary  form.  It  is 
pretty  certain  that  this  particular  6crew  is  the  best  of  its  class  ever 
made.  The  workmanship  upon  it  could  hardly  be  better.  If  it  is 
found  that  errors  of  considerable  magnitude  remain,  we  may  con- 
clude that  they  should  be  charged  to  the  method  itself. 

The  method  of  obtaining  transfers  from  this  screw  was  as  follows : 
It  had  been  found  by  a  direct  comparison  both  with  a  half  meter 
and  a  half  yard,  standard  at  62°  Fahr.,  that 

The  half  meter  =  400.4210  revolutions  of  the  Waltham  screw. 

The  half  yard    =  366.1382  revolutions  of  the  Waltham  6crew. 

Since  the  screw  was  cut  8  threads  to  the  centimeter,  it  is  there- 
fore ££$-  of  a  millimeter  too  long,  or  nearly  a  millimeter  in  a  meter. 
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1  Div.  =  .0000050  inch. 

VAN  WOERD  SECTIONAL  SCREW. 
Comparison  of  the  computed  with  the  observed  readings  for : 

Subdivisions  of  the  half  meter. 


Observed  Resdirg 

Computed  Reading 

of  Index. 

of  Index. 

a  Expressed  in 
hundred  thous- 

Spaces. 

& 

andths  of  an  inch. 

Rev. 

Div. 

Dlv. 

Div. 

1 

8 

68 

84 

-  21 

-  10 

2 

16 

140 

168 

-  28 

-  14 

8 

24 

196 

253 

-  57 

-  28 

4 

82 

271 

887 

-  66 

-  83 

5 

40 

827 

421 

-  94 

-  47 

6 

48 

869 

505 

-  136 

-  68 

7 

56 

481 

589 

-  158 

-  79 

8 

64 

459 

624 

-  165 

-  88 

9 

72 

583 

758 

-225 

-113 

10 

80 

606 

842 

-236 

-118 

11 

88 

696 

926 

-230 

-115 

12 

96 

782 

1010 

-228 

-114 

18 

104 

864 

1095 

-231 

-115 

14 

112 

978 

1179 

-206 

-103 

15 

120 

1065 

1268 

-  198 

-  99 

16 

128 

1161 

1847 

-186 

-  98 

17 

186 

1249 

1431 

-  182 

-  91 

18 

144 

1825 

1516 

-191 

-  95 

19 

152 

1436 

1600 

-  164 

-  82 

20 

160 

1525 

1684 

-  159 

-  60 

21 

168 

1605 

1768 

-  163 

-  82 

22 

176 

1692 

1852 

-  160 

-  80 

28 

184 

1811 

1937 

-  126 

-  68 

24 

192 

1914 

2021 

-  107 

-  58 

25 

200 

2021 

2105 

-  84 

-  41 

26 

208 

2118 

2189 

-  71 

-  35 

27 

216 

2201 

2273 

-  72 

-  86 

28 

224 

2290 

2358 

-  68 

-  84 

29 

282 

2355 

2442 

-  87 

-  48 

80 

240 

2435 

2526 

-  91 

-  46 

81 

248 

2522 

2610 

-  88 

-  44 

82 

256 

2604 

2694 

-  90 

-  45 

88 

264 

2717 

2779 

-  62 

-  31 

84 

272 

2819 

2863 

-  44 

-  22 

85 

280 

2903 

2947 

-  44 

-  22 

86 

288 

2990 

8081 

-  41 

-  20 

87 

296 

8073 

3115 

-  42 

-  21 

88 

804 

8154 

8200 

-  46 

-  28 

89 

812 

8241 

8284 

-  48 

-  22 

40 

820 

3831 

3868 

-  87 

-  18 

41 

828 

8409 

3452 

-  48 

-  21 

42 

836 

8512 

3586 

-  24 

-  12 

48 

844 

3605 

8621 

-  16 

-  8 

44 

852 

8693 

3705 

-  12 

-  6 

45 

860 

3785 

8789 

-   4 

-  2 

46 

868 

8862 

8873 

-  11 

-  5 

47 

876 

8951 

8957 

-   6 

-  8 

48 

884 

4040 

4042 

-   2 

-  1 

49 

892 

4124 

4126 

-   2 

-  1 

50 

400 

4210 

4210 

+   0 

+  0 

Trans.  A.  S.  M.  E. 


Rogers. 
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Comparison  of  the  computed  with  the  observed  readings  for : 

Subdivisions  of  the  half  yard. 


Spaces. 

Observed  Reading 
of  Index. 

Computed  Reading 
of  Index. 

a  Expressed  in 
honored  thou- 
sandths of  an 
inch. 

Rev. 

Div. 

Dlv. 

Div. 

1 

10 

1677 

1705 

-  28 

-  14 

2 

20 

8868 

8410 

-  42 

-  21 

3 

80 

5055 

5115 

-  60 

-  80 

4 

40 

6785 

6820 

-  85 

-  48 

5 

50 

8375 

8525 

-150 

-  75 

6 

61 

77 

280 

-  158 

-  76 

7 

71 

1708 

1985 

-227 

-114 

8 

81 

8416 

8640 

-224 

-112 

0 

91 

5129 

5845 

-216 

-108 

10 

101 

6845 

7051 

-206 

-103 

11 

111 

8559 

8756 

-  197 

-  98 

12 

122 

288 

461 

-  173 

-  86 

13 

132 

1982 

2166 

-184 

-  92 

14 

142 

8690 

8871 

-181 

-  91 

15 

152 

5415 

5576 

-  161 

-  80 

16 

162 

7131 

7281 

-150 

-  75 

17 

172 

8824 

8986 

-162 

-  81 

18 

183 

580 

697 

-117 

-  58 

19 

193 

2303 

2396 

-  98 

-  46 

20 

203. 

4089 

4101 

-  62 

-  81 

21 

213 

5738 

5806 

-  73 

-  87 

22 

223 

7445 

7611 

-  66 

-  88 

23 

233 

9131 

9216 

-  85 

-  42 

24 

244 

881 

921 

-  90 

-  45 

25 

254 

2584 

2626 

-  92 

-  46 

26 

264 

4282 

4881 

-  49 

-  25 

27 

274 

6018 

6086 

-  28 

-  12 

28 

284 

7697 

7741 

-  44 

-  22 

29 

294 

9390 

9446 

-  56 

-  28 

30 

805  " 

1102 

1151 

-  49 

-  24 

31 

815 

2849 

2856 

-  7 

-  3 

32 

325 

4530 

4562 

-  82 

-  16 

33 

885 

6246 

6267 

-  21 

-  10 

34 

845 

7960 

7972 

-  12 

-  6 

85 

855 

9776 

9677 

-   1 

-  1 

86 

366 

1382 

1882 

+   0 

+  0 

The  transfer  from  the  Cornell  screw  was  kindly  made  for  me  by 
Professor  Anthony  after  the  engine  had  been  mounted  upon  the 
firm  foundation  prepared  for  it  in  the  new  Physical  Laboratory  of 
Cornell  University.  The  transfer  consists  of  forty  half-inch 
spaces,  but  only  thirty-six  of  these  have  been  fully  investigated. 

It  is  necessary  at  this  point  to  define  clearly  a  class  of  errors 
which  will  be  designated  accumulated  errors.  They  will  be  indi- 
cated by  the  symbol  2y  which  is  the  usual  symbol  for  a  summed 
series. 
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If  a  given  space  is  subdivided  into  any  number  of  approximately 
equal  parts,  the  error  of  any  space  with  respect  to  the  mean  of  all 
the  spaces  is  called  a  relative  error.  The  accumulated  error  is  the 
algebraic  sum  of  the  relative  errors  reckoned  from  the  initial  line. 
Thus,  if  the  second  space  of  a  given  series  of  subdivisions  is  one 
unit  longer  than  the  first,  the  third  one  unit  longer  than  the  sec- 
ond, the  fourth  one  unit  longer  than  the  third,  etc.,  the  error  of  the 
fifth  line  expressed  in  aliquot  parts  of  the  whole  space  subdivided 
will  be  three  units.  But  in  this  summation  of  the  relative  errors, 
the  accidental  errors  of  observation  are  carried  along  with  every 
subsequent  summation.  Hence  the  error,  for  example,  of  the  mid- 
dle point  may  not  be  found  to  be  the  same  as  would  be  obtained 
from  a  direct  comparison  of  the  two  halves.  Indeed,  it  ought  not 
to  be  expected  that  in  practice  the  summation  of  the  errors  of  fifty 
spaces  should  give  the  same  accumulated  error  for  spaces  10,  20,  30 
and  40  as  would  be  obtained  by  a  direct  comparison  of  these  spaces. 
If  a  substantial  agreement  is  obtained,  however,  whatever  the  num- 
ber of  sub-divisions,  it  may  be  assumed  that  the  errors  of  the  sep- 
arate spaces  have  been  correctly  determined. 

Let  us  now  apply  this  test  to  the  errors  of  the  Cornell  screw. 
The  measures  given  below  were  obtained  by  a  comparison  of  each 
space  with  a  constant  distance  between  the  two  stops  of  the  com- 
parator. If  the  distance  between  the  stops  differs  from  the  mean 
of  all  the  spaces,  a  constant  must  be  taken  from  each  in  order  to 
reduce  it  to  the  mean  of  all  the  readings.  This  constant  has  been 
subtracted  in  every  series  given  below  except  in  the  first  Here, 
instead  of  obtaining  the  constant  from  the  whole  series  for  the 
reduction  of  the  remaining  series,  it  will  be  necessary  to  obtain  it 
for  the  space  measured  in  that  series.  The  errors  at  intermediate 
points  are  found  by  adding  to  the  relative  errors  for  each  space  the 
uniformly  distributed  errors  of  the  limiting  lines  of  that  space,  as 
will  be  shown  below.  The  uniformly  distributed  errors  are  printed 
in  smaller  type  than  the  errors  of  the  main  subdivisions.  The 
values  given  are  expressed  in  terms  of  the  micrometer  screw  of  the 
microscope  employed,  in  which 

1  div.  =  .000020  inch. 
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INVESTIGATION  OF  HALF-INCH  SPACES  FROM  THE  CORNELL  SCREW. 


OBSERVED  DATA. 


Spaces  = 

i  In. 

2 

*IN. 

2 

$  In. 

2 

flN. 

2 

f  In. 

2 

« 

2 

div. 

div. 

div. 

div. 

div. 

div. 

div. 

0 

4-  0.0 

+  0.0 

4-  0.0 

4-  0.0 

+  0.0 

+  0.0 

+  0.0 

1 

4-  2.5 

+   »■• 

+  *** 

4-    ••■ 

4-   *•• 

— .  0<1 

__  ••• 

2 

+  0.5 

4-  3.9 

+  i,° 

4-    ,,T 

4-    *■• 

—  ••* 

__  ••• 

8 

-0.1 

+  ■•• 

+  4.5 

+  ■■'• 

4-    *•• 

__  ••* 

_  ••• 

4 

-0.2 

+  2.0 

4-  ••• 

4-  8.4 

4-    ,,T 

—  ••• 

— .  ,«* 

5 

+  0.4 

+  »•• 

+  ••• 

+  ••• 

4-    •'* 

__  ••• 

_  ,** 

6 

-  1.4 

+  1.2 

+  2.8 

4-    •*• 

4-  4.0 

_  ••• 

—  *•• 

7 

-  1.8 

•    ••• 

+  1,T 

4-    i#1     - 

+  ••' 

__     0.0 

—  »•  • 

8 

-0.3 

-0.1 

4-  ••• 

+  3.0 

4-   ••• 

__    *■• 

—  *•* 

9 

-8.1 

i.« 

-0.6 

4-  1,T 

4-    ut 

-  1.2 

—  ••• 

10 

-  1.9 

-3.0 

_^     ■»  •  w 

+  °-4 

4-    0,i 

_  '•• 

— .  *•' 

11 

-2.1 

s.t 

_^k     *»  •  • 

m         •  *  w 

— _   ••• 

_  ••* 

__  ••* 

12 

-2.9 

-4.0 

-1.4 

-2.8 

-1.6 

—  ••• 

_  ••  * 

13 

-  1.3 

4.S 

^^_     *  •  ™ 

^^M                      * 

_  *•• 

—  *.' 

—  *•• 

14 

-1.7 

-4.4 

^^_     ■  •  O 

___             •  •     • 

_  *•* 

_  *•* 

_  *•• 

15 

4-  0.5 

«.» 

-8.3 

^^B               *     •      • 

_  ••• 

— .  *•• 

— .  *•• 

16 

-2.6 

-5.2 

•        4.9 

-4.6 

—  ••' 

__  ••* 

—  *•• 

17 

-1.6 

ft.O 

-r    •'* 

^^_     *  •  * 

—  *•• 

_  ••• 

__  *•• 

18 

-0.6 

-6.5 

-6.1 

___     *  • 

-8.9 

-6.6 

-5.5 

19 

+  0.0 

6.1 

_    ••• 

*1  •  V 

_  ••• 

__.  ••* 

_  *•* 

20 

-  1.3 

-5.2 

^^a          *  *  " 

-5.0 

—  ••• 

_  •.» 

_  *•• 

21 

+  0.4 

6.0 

-4.2 

^^_      0  •  M 

_  *■• 

_    0.1 

_  *•• 

22 

-1.5 

-4.8 

___,     "  •  • 

B  :  _        •  •  1 

— _  ••* 

_    ••• 

—  ••• 

23 

4-  0.3 

4.S 

___     *  •  * 

___         •  * 

—  ••* 

—    ••* 

— .  4'' 

24 

+  0.6 

-3.8 

-4.5 

-5.2 

-8.0 

—    ••• 

_-  ••■ 

25 

+  0.2 

S.8 

^^B               •     •     • 

^MM                      # 

__  ••• 

—    ••* 

—  *•• 

26 

-  1.1 

-3.9 

__                 ™     *     ^ 

^^M 

__  ••• 

_   ••* 

—  ••* 

27 

-  1.8 

4.0 

-  4.5 

_                           •    •      1 

__  *•* 

-5.0 

_  ••• 

28 

-  0.5 

-4.0 

m^m     •  •  • 

-5.1 

— .  *•* 

_  *•• 

—  *•• 

29 

+  0.0 

S.6 

^^_        •  * 

^^m        • 

_  ••• 

_  *•• 

—  ■•* 

30 

-0.4 

-3.0 

-  1.4 

___     *  • 

-1.8 

—  *•* 

_  *•• 

31 

-  0.8 

s.o 

•MM                   * 

^^     *  • 

—  *•• 

—  ••• 

—  *•• 

32 

-0.8 

-2.9 

^^_                    *    * 

-8.8 

—  ,** 

™" 

«MW 

83 

4-  0.0 

S.4 

-1.0 

_B_                          * 

—  ••• 

_  ,«T 

*•• 

84 

4-  1.5 

-1.9 

0.7 

^^                 •    • 

_  ••■ 

—  '•• 

•      9'7 

85 

+  0.5 

0.9 

O.S 

MHH                           * 

_  ••" 

—  ••• 

—      ••• 

86 

+  1.0 

4-  0.0 

+  0.0 

4-  0.0 

4-  0.0 

4-  0.0 

+  0.0 

2 
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RESULTS. 


ARGUMENT — HALF-INCH  SPACES. 


• 

l 

MEAN 

5 

(1) 

(2) 

(8) 

(4) 

(6) 

(») 

(18) 

♦mean 

IN  HUNDRED 

A 

< 

2 

• 
2 

2 

2 

2 

2 

2 

2 

THOUSANDTHS 

cc 

• 

OF  AN  INCH. 

0 

+0.0 

+  0.0 

+  0.0 

+  0.0 

+  0.0 

+  0.0 

+  0.0 

+0.0 

+    0 

+6 

1 

+  8.1 

+  2.9 

+  3.0 

+  2.9 

+  3.0 

+  3.0 

+  3.2 

+  3.0 

+  6 

+  2 

2 

-1-4.2 

+  3.9 

+  4.0 

+  3.9 

+  4.1 

+  4.0 

+  4.5 

+  4.1 

+  8 

+  1 

8 

+  4.7 

+  8.5 

+  4.5 

+  4.3 

+  4.6 

+  4.3 

+  5.1 

+  4.5 

+  9 

-2 

4 

+4.1 

+  2.0 

+  3.4 

+  3.4 

+  4  0 

+3.6 

+  4.7 

+3.5 

+  7 

+2 

5 

+  5.1 

+  2.5 

+  3.9 

+  4.5 

+  5.0 

+  4.5 

+  5.8 

+  4.4 

+  9 

-2 

6 

+  4.8 

+  1.2 

+  2.8 

+3.8 

+  4.0 

+  3.5 

+  5.2 

+  3.4 

+  7 

-3 

7 

+  8.2 

-0.2 

+  1.6 

+  2.7 

+  3.3 

+  1.0 

+  4.1 

+  2  1 

+  4 

+  1 

8 

+  8.5 

-0.1 

+  1.9 

+  3.0 

+  4.1 

+  1.2 

+  4.6 

+  2.4 

+  5 

-5 

9 

+  1.0 

-2.2 

-0.6 

+  1.3 

+  2.0 

-1.2 

+  2.1 

+  0.2 

+  0 

-1 

10 

-0.8 

-8.0 

-0.5 

+  0.4 

+  1.1 

-2.1 

+  1.0 

-0.5 

-  1 

-2 

11 

-1.7 

-3.1 

-0.9 

-0.5 

+  2.0 

-3.0 

-0.8 

-1.0 

-  2 

-2 

12 

-4.0 

-4.0 

-1.4 

-2.3 

-0.6 

-5.1 

-2.5 

-2.6 

-  4 

-3 

18 

-4.7 

-4.0 

-2.5 

-2.9 

-2.1 

-5.4 

-8.0 

-3.3 

-  7 

-2 

14 

-5.8 

-4.4 

-4.0 

-8.6 

-3.0 

-6.2 

-4.0 

-4.2 

-  9 

+  2 

15 

-4.7 

-3.3 

-3.3 

-2.7 

-3.9 

-4.7 

-2.7 

-3.5 

-  7 

-3 

16 

-6.7 

-5.2 

-5.2 

-4.6 

-3.4 

-6.8 

-4.6 

-4.9 

-10 

-1 

17 

-7.7 

-6.2 

-6.1 

-5.4 

-4.0 

-6.0 

-5.4 

-5.5 

-11 

+  0 

18 

-7.6 

-6  5 

-6.1 

-5.2 

-3.9 

-6.6 

-5.5 

-5.6 

-11 

+  1 

19 

-7.0 

-5.5 

-5.2 

-4.5 

-3.6 

-5.9 

-5.0 

-4.9 

-10 

+  0 

20 

-7.7 

-5.2 

-5.6 

-5.0 

-4.4 

-6.5 

-5.8 

-5.4 

-10 

+1 

21 

-6.7 

-4.1 

-4.2 

-4.6 

-3.7 

-5.6 

-4.8 

-4.5 

-  9 

-2 

22 

-7.6 

-4.8 

-5.6 

-6.1 

-4.8 

-6.4 

-5.8 

-5.6 

-11 

+  1 

28 

-6.7 

-4.4 

-5.2 

-5.7 

-4.1 

-5.4 

-5.1 

-5.0 

-10 

+  2 

24 

-5.5 

-3.8 

-4.5 

-5.2 

-3.0 

-4.2 

-3.9 

-4.1 

-  8 

+  1 

25 

-4.6 

-8.2 

-8.4 

-4.2 

-2.0 

-8.4 

-3.6 

-3.3 

-  7 

+0 

26 

-5.2 

-3.9 

-3.5 

-4.5 

-2.3 

-8.8 

-4.2 

-3.7 

-  7 

-2 

27 

-6.4 

-4.3 

-4.5 

-5.4 

-3.3 

-5.0 

-5.3 

-4.6 

-  9 

+  0 

28 

-6.3 

-4.0 

-3.5 

-5.1 

-3.0 

-5.0 

-5.3 

-4,8 

-  9 

+  2 

29 

-5.7 

-3.0 

-2.1 

-4.8 

-2.2 

-4.5 

-4.8 

-8.5 

-  7 

+0 

80 

-5.5 

-3.0 

-1.4 

-8.9 

-1.8 

-4.8 

-4.6 

-8.8 

-  7 

+  1 

81 

-5.6 

-3.0 

-1.6 

-3.9 

-1.5 

-4.5 

-4.9 

-3.2 

-  6 

-1 

82 

-5.8 

-2.9 

-1.8 

-3.8 

-3.2 

-4.7 

-5.2 

-8.6 

-  7 

+  0 

88 

-5.0 

-3.1 

-1.0 

-2.9 

-3.1 

-4.2 

-4.6 

-8.5 

-  7 

+  4 

84 

-2.9 

-1.9 

-0.2 

-1.4 

-1.6 

-2.1 

-2.6 

-1.6 

-  8 

+  1 

85 

-1.8 

-1.1 

-0.8 

-0.8 

-0.9 

-1.4 

-1.5 

-0.8 

-  2 

+  2 

86 

+  0.0 

+  0.0 

+  0.0 

+  0.0 

+  0.0 

+  0.0 

+  0.0 

+  0.0 

+  0 

The  method  of  deriving  the  quantities  given  in  the  above  table 
from  the  data  given  in  the  previous  table  will  be  obvious  from  the 
following  illustrations : 


•  Excluding  (1). 
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FOB  TH*  INCH  8  PACKS. 

FOB  THX  8  INCH  8PACXS. 

From  measures  of  X  inch 
spaces. 

From  measures  of 
inch  spaces. 

From  measures  of  X  inch 
spaces. 

From  measures  of 
inch  spaces. 

A             2 

+  2.5  +  1.0  +  1.0 
+  0.5  -  1.0  +    .0 

°     Bum. 
+  1.9  +  2.9 
+  8.9  +  8.9 

A           2 

+  2.5  +  2.4  +  2.4 
+  0.5  +  0.4  +  2.8 
-0.1  -0.2  +  2.6 

-  1.2  -  1.3  +  1*8 
+  0.4  +    .2  4-  1.5 

-  1.4  -  1.5  -h  0.0 

sum 
+  0.6  +  8.0 
+  1.8  +  4.1 
+  2.0  +  4.6 
+  2.7  +  4.0 
+  8.4  +  4.9 
+  4.0  +  4.0 

+  1.5 

+  0.12 

Since  the  greater  part  of  the  error  of  the  screw  is  at  the  end  from 
which  the  accumulated  errors  have  been  reckoned,  the  relative  er- 
rors have  been  determined  of  the  first  ten  revolutions  of  the  screw, 
assuming  the  length  of  the  first  half  inch  to  be  correct.  The  results 
are  given  in  hundred-thousandths  of  an  inch. 


Spaces. 
1 
2 
8 
4 
5 
6 
7 
8 
9 
10 


2 
+  14 
+  10 
+  28 
+  6 
+    8 

-  14 

-  12 
-20 
-14 
+    0 


The  errors  depending  on  single  revolutions  of  the  Waltham 
screw  were  found  by  measuring  ten  ruled  spaces  corresponding  to 
even  tenths  of  a  revolution.  The  results  for  the  Cornell  screw 
were  kindly  communicated  by  Professor  Anthony.  The  figures 
represent  millionths  of  an  inch. 


Spaces. 

1 
2 
8 
4 
5 
6 
7 
8 
9 
10 


Cornell  Screw. 

Walthain  Screw 

2 

2 

-    2 

+  10 

-    2 

+  14 

-    8 

+  10 

-    9 

-    2 

-    8 

-17 

-  12 

-88 

-  14 

-  84 

-  11 

-88 

-    2 

-21 

+    0 

+    0 
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The  nature  and  magnitude  of  the  errors  of  these  screws  will  be 
more  clearly  seen  from  the  curves  upon  the  following  plate,  which 
have  been  described  from  the  data  given. 

It  will  be  noticed  that  there  is  a  dotted  curve  in  Fig.  55.  The 
difference  between  the  two  curves  represents  the  effect  of  a  de- 
mand of  ray  landlord  for  an  increase  of  rent,  in  consequence  of 
which  the  dividing  engine  was  removed  into  new  and,  it  may  be 
added,  more  commodious  quarters.  After  it  was  remounted,  it  was 
found  that  the  old  system  of  errors  no  longer  held.  The  present 
discussion  refers  to  data  derived  from  observations  made  since  the 
removal. 

It  will  be  seen  that  there  is  a  pretty  close  correspondence  between 
the  curves  for  the  English  and  the  metric  subdivisions.  The 
former  of  course  includes  errors  to  a  certain  extent  depending  on 
single  revolutions  of  the  screw. 

One  more  fact  should  be  stated  in  order  to  complete  the  argument 
in  favor  of  the  new  method,  and  it  is  a  fact  of  supreme  importance. 
At  the  time  the  line  bar  was  graduated  from  which  the  Cornell  screw 
was  cut,  the  writer  had  not  succeeded  incompletely  eliminating  the 
accumulated  errors.  It  would  be  too  much  to  expect  that  there 
should  be  a  complete  coincidence  between  the  errors  of  the  bar  and 
the  errors  of  the  screw,  but  the  coincidence  is  nevertheless  so  close 
that  it  would  make  but  little  difference  whether  the  accumulated 
error  of  the  bar  at  the  middle  point  was  derived  from  the  screw, 
or  that  of  the  screw  from  the  bar. 

It  has  already  been  stated  that  the  method  has  only  been  tried 
under  great  disadvantages,  but  the  Ballon  Manufacturing  Company 
have  now  completed  a  screw  machine  having  a  direct  capacity  for 
screws  6  feet  in  length  and  an  indirect  capacity  for  screws  having  a 
length  not  much  exceeding  18  feet.  A  smaller  machine  for  screws 
less  than  6  feet,  and  especially  adapted  for  cutting  all  kinds  of  mi- 
crometer screws,  is  in  process  of  construction.  This  paper  is  already 
by  far  too  long  to  admit  of  a  description  of  these  machines,  but  Mr. 
Bishop,  the  president  of  the  company,  will  gladly  offer  every 
facility  to  any  member  of  the  society  who  desires  to  make  a  per- 
sonal examination  either  of  the  method  or  of  its  results.  You  will 
receive,  I  am  sure,  a  hearty  welcome  and  courteous  attention  at 
the  office  in  Hartford. 
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DI8CT78SION. 

Mr.  Oberlin  Smith. — I  want  to  ask  a  question  of  Professor  Rog- 
ers. I  understand  from  him  that  one  of  the  great  practical  difficul- 
ties that  would  seem  natural  in  all  this  work  is  the  deflection  by 
gravity  of  horizontal  bare  used  for  the  guides,  whether  they  be  cyl- 
indrical or  whether  they  be  prismatic.  My  question  is,  whether 
experiments  in  such  work  have  been  made  having  the  screws  and 
slides  all  vertical,  so  that  deflection  would  not  come  in  as  a  factor 
at  all,  and  having  the  nut  and  other  moving  parts  attached  to  it 
balanced  about  the  axis  of  the  screw,  so  that  as  it  traveled  up  and 
down  there  would  be  vertical  stress  only. 

Prof.  Rogers. — Experiments  have  been  made  in  this  direction, 
but  not,  as  far  as  I  am  aware,  in  this  country.  Professor  Wild, 
of  the  Central  Physical  Observatory  of  St.  Petersburg,  has  inves- 
tigated the  problem.  He  found  that  the  flexure — that  is  not  quite 
the  proper  term  in  this  connection — he  found  that  the  change 
which  in  some  way  takes  place  when  a  bar  is  supported  vertically 
is  nearly  or  quite  as  troublesome  as  when  it  is  placed  in  a  horizon- 
tal position.  Simple  flexure  can  always  be  neutralized  by  proper 
supports. 

The  required  degree  of  precision  must  be  secured  under  the  ordi- 
nary conditions  in  which  screws  are  used.  When  a  stiff  screw  three 
feet  in  length  is  supported  at  the  middle  point  the  effect  of  flexure 
will  be  eliminated  in  ordinary  practice. 

But  in  the  new  screw  machine  embodying  the  methods  which 
have  been  described,  a  very  neat  device  has  been  adopted  by  which 
the  flexure  can  be  eliminated  at  any  desired  number  of  points,  so 
that  the  element  of  length  does  not  now  enter  as  a  disturbing 
cause. 

Mr.  Tovme. — Mr.  President,  without  doubt  it  may  seem  to  some 
persons  present  that  this  discussion  has  reference  to  what  may  be 
termed  mathematical  theory  rather  than  to  ordinary  machine  shop 
practice,  but  a  matter  in  my  own  experience  shows  that  this  is  not 
so.  In  cutting  some  screws  recently  for  use  in  "Emery"  testing 
machines,  it  became  a  matter  of  importance  to  produce  two  screws 
of  identical  pitch,  as  nearly  as  the  same  could  be  reasonably  done. 
The  screws  have  a  diameter  of  three  and  one-half  inches  and  a  pitch 
of  two  threads  to  the  inch.  A  lathe  for  cutting  such  screws  was 
made  especially  for  us  by  the  Pratt  &  Whitney  Co.  (who  gave  great 
cAe  to  the  work  throughout),  having  unusual  solidity  and  stiffness, 
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and  having  as  a  lead  screw  a  copy  of  a  Whitworth  screw  which 
Pratt  &  Whitney  then  had,  and  which  had  never  previously  been 
need,  and  of  which  they  made  as  careful  a  copy  as  they  could.  Af- 
ter cutting  the  first  pair  of  screws  in  this  lathe,  and  chasing  a  pair 
of  bronze  nuts  for  use  on  them,  and  assembling  the  machine,  an 
error  in  the  screws  was  shown  very  apparently  in  this  way :  The 
two  screws  stand  vertically  in  the  machine,  and  carry  a  horizontal 
cross-head.  On  each  screw  is  a  pair  of  bronze  nuts,  one  above  and 
the  other  below  this  cross-head,  the  separation  between  the  nuts  on 
each  6crew  being,  approximately,  nine  inches.  The  work  is  all 
very  carefully  fitted,  and,  in  the  position  when  they  were  first  as- 
sembled, the  nuts,  while  in  contact  with  the  cross-head  on  each  side, 
were  still  free,  and  there  was  no  binding  anywhere.  On  turning 
the  screws,  however,  so  as  to  raise  the  cross-head  slightly,  thereby 
bringing  the  nuts  into  a  new  longitudinal  position  on  the  screws, 
the  nuts  in  one  case  were  found  to  be  separated — so  much  so  that 
there  was  considerable  freedom  between  the  nut  on  the  top  of  the 
cross-head  and  the  cross-head  itself;  and  in  another  position  the 
distance  was  decreased,  so  that  motion  of  the  nuts  was  stopped. 
The  total  error,  if  I  remember  correctly,  was  something  like  six  or 
seven  thousandths  of  an  inch — quite  enough,  with  close. work,  to 
make  binding.  So  that,  in  what  may  be  termed  ordinary  machine 
shop  practice,  this  matter  of  precision  of  screws  comes  in  very  fre- 
quently, and  it  is  interesting  to  all  of  us  to  see  how  great  precision 
is  going  to  be  obtained,  not  only  in  fine  instruments,  such  as  we 
see  here,  but  I  hope  also  in  tools  of  more  frequent  use. 

I  wish  to  ask  Professor  Rogers  one  question,  due,  perhaps,  to  my 
not  following  him  more  closely.  If  I  understand  his  process  cor- 
rectly, it  differs  from  what  has  preceded  it  chiefly  in  the  reproduc- 
tion in  the  screw  of  the  divisions  of  the  plate  or  bar.  The  correc- 
tion of  each  thread  of  a  finished  screw  is  not  novel,  as  I  understand, 
but  it  is  the  reproduction  on  the  screw  in  cutting  it  of  the  divisions 
of  the  bar.     Am  I  correct  in  that  ? 

Prof.  Rogers. — You  are  partly  correct  and  partly  not*.  The 
novelty  of  the  process — I  will  not  say  novelty,  the  process  itself — 
consists  in  a  method  of  cutting  single  threads  in  such  a  way  that 
we  know  just  what  is  being  done  during  every  step  of  the  opera- 
tion. 

If  my  screw  has  twenty  threads  to  the  inch,  and  my  bar  is  sub- 
divided to  twentieths  of  a  revolution  of  the  screw,  then  for  every 
entire  thread  cut  I  must  maintain  a  coincidence  between  the  line 
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upon  the  bar  and  the  fixed  line  of  the  microscope.  If  this  coinci- 
dence is  not  maintained,  the  screw  which  is  being  cut  will  have  an 
error  of  just  that  amount  at  that  point.  In  the  ordinary  process, 
you  really  do  not  know  whether  you  are  cutting  a  single  thread 
correctly  until  the  entire  operation  is  completed.  We  deal  with 
single  threads,  and  in  such  a  way  that  no  one  thread  can  ever  have 
an  error  greater  than  can  be  ground  out  by  means  of  a  lead  nut. 
The  6crew  exhibited  was  cut  from  a  bar  having  half-inch  gradua- 
tions, but  the  subdivisions  of  the  bar  now  in  use  with  the  new 
screw  machine  are  tenths  of  inches.  As  the  leading  screw  has  five 
threads  to  the  inch,  the  errors  can  be  obtained  for  every  half  revo- 
lution. 

Attention  is  called  to  the  fact  that  as  long  as  the  screw  which  is 
being  cut  has  the  same  tqpperature  as  the  leading  screw  it  will 
have  the  same  absolute  length  as  the  graduations  of  the  bar  from 
which  it  was  cut.  Since  in  the  new  machine  the  entire  shaft  is 
immersed  in  oil,  the  trouble  with  temperature  is  reduced  to  a 
minimum. 

Mr.  Towne. — If  I  understand  correctly,  then,  in  tracing  the  first 
line  of  the  thread,  we  will  say,  that  is,  the  first  revolution  of  the 
screw,  and  having  made  one  exact  revolution,  you  then  compare 
the  progress  of  your  line  on  the  work  with  the  divisions  of  your 
bar.     Am  I  correct  ? 

Prof.  Roger 8. — Yes,  sir. 

Mr.  Towne. — If  you  find  an  error  in  that  thread,  how  is  that 
error  corrected  ?     Perhaps  you  touched  on  that  point  in  the  paper. 

Prof.  Rogers. — Yes,  I  thought  I  had  done  so.  It  must  be  re- 
membered that  the  cutter  has  two  motions ;  a  primary  motion  and 
a  secondary  motion.  The  primary  motion  is  the  movement  of  the 
carnage  by  means  of  the  leading  screw ;  the  secondary  motion  is 
the  movement  of  the  slide  to  which  the  cutter  is  attached  through 
the  short  and  firm  micrometer  screw. 

There  is  a  certain  amount  of  •  preliminary  work,  however,  which 
must  be  done  before  the  screw  is  cut.  We  mu6t  first  ascertain 
how  far  the  lines  upon  the  bar  are  away  from  the  fixed  micrometer 
line  of  the  microscope,  for  even  revolutions  when  the  leading  screw 
runs  free,  i.  e.,  without  doing  any  work,  and  secondly,  we  mu6t 
ascertain  whether  the  errors  are  substantially  the  same  during 
every  comparison ;  for  unless  this  constancy  is  maintained  it 
will  be  impossible  to  eliminate  the  errors  of  the  leading  screw. 
The  tabular  corrections  which  have  been  derived  from  observation 
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cannot  serve  as  a  guide  unless  they  are  practically  constant  for 
every  repetition  of  the  observations. 

I  will  repeat  the  various  steps  of  the  operation.  The  carriage  is 
now  at  one  end  of  the  lathe  bed,  and  the  index  of  the  leading  screw 
is  set  at  zero.  Upon  looking  into  the  microscope,  I  notice  that  the 
first  graduation  upon  the  bar  does  not  coincide  with  the  fixed  line 
of  the  eye-piece  micrometer  of  the  microscope.  I  slightly  tap  the 
bar  at  one  end,  and  the  coincidence  between  the  two  lines  is  per- 
fect. A  heavy  bar  can  be  moved  into  any  required  position  by  a 
series  of  light  strokes  with  greater  accuracy,  and  much  more 
quickly  than  through  the  action  of  an  abutting  screw.  I  now  allow 
the  leading  screw  to  make,  e.  g.,  nearly  five  even  revolutions,  and 
by  a  hand  movement  I  complete  the  fifth  revolution.  Again  look- 
ing into  the  microscope,  I  observe  that  the  line  upon  the  bar  is  on 
one  6ide  of  the  micrometer  line  of  the  microscope,  and  I  note  how 
many  divisions  of  the  index  of  the  secondary  screw  are  passed 
over  in  bringing  the  secondary  slide  to  which  the  microscope  is 
attached  into  coincidence  with  the  second  line  upon  the  bar.  I 
record  this  number  upon  the  slip  of  paper  before  me,  which  for 
convenience  is  pasted  to  the  vertical  face  of  the  graduated  bar. 
This  operation  is  repeated  for  every  five  revolutions  of  the  leading 
screw.  I  shall  then  have  a  system  of  corrections,  some  positive 
and  some  negative,  which  represent  the  errors  of  the  leading  screw 
for  the  conditions  under  which  the  observations  were  made.  But 
these  conditions  are  in  many  respects  unlike  those  which  hold  while 
the  cutting  tool  is  doing  its  work.  I  therefore  repeat  the  obser- 
vations with  the  cutter  at  work  upon  a  dummy  shaft.  In  ordinary 
practice,  however,  it  is  not  found  necessary  to  take  this  precaution. 

Having  done  this  preliminary  work  we  are  now  ready  to  cut  the 
thread  upon  the  cylinder  which  has  been  properly  prepared  in  ad- 
vance. The  carriage  is  run  back  to  the  first  position,  and  coinci- 
dence is  made  between  the  line  upon  the  bar  and  the  fixed  line  of 
the  microscope  after  the  cutting  tool  has  been  properly  adjusted. 
The  leading  screw  is  thrown  into  feed,  and  during  the  movement 
from  the  first  to  the  second  line  of  the  bar,  the  secondary  micro- 
meter screw  is  moved,  by  a  continuous  motion,  the  number  of  divi- 
sions of  the  index  which  corresponds  with  the  previously  determined 
eiTor  of  the  leading  screw  between  these  two  points.  To  facilitate 
this  movement  the  slip  of  paper  upon  the  vertical  face  of  the  bar  is 
divided  into  half-inch  spaces,  and  a  pointer  is  attached  to  the  mov- 
ing carriage.    During  the  slow  motion  of  the  screw,  the  pointer 
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• 

will  serve  as  a  guide  to  the  eye  in  making  a  uniform  distribution 
of  the  total  error  over  the  entire  space.  Stopping  the  lathe  at  five 
even  revolutions,  I  find  that  the  coincidence  between  the  lines  is 
now  maintained.  Starting  again,  I  apply  the  correction  required 
for  the  second  five  revolutions,  and  so  proceed  till  the  first  tracing 
of  the  thread  is  completed.  Every  subsequent  operation  is  a  repe- 
tition of  the  first.  It  is  to  be  noted  that  I  am  describing  the 
actual  process  employed  in  cutting  the  first  screw  upon  a  Blaisdell 
lathe,  but  in  the  new  6crew  machine  the  secondary  motion  of  the 
cutter  is  under  the  complete  control  of  the  workman. 

Having  cut  the  screw,  what  do  we  find  ?  First,  that  there  are 
here  and  there  slight  irregularities  in  pitch,  due  to  the  fact  that  the 
errors  of  the  leading  screw  have  not  been  quite  properly  distributed 
between  the  points  at  which  the  errors  have  been  determined. 
Just  here  is  the  vital  part  of  the  operation.  By  the  ordinary  pro- 
cess long  sweeps  of  errors  are  introduced.  You  may  grind  till 
doomsday  without  removing  errors  of  this  class,  but  these  single 
errors,  these  minute  irregularities  will  disappear  after  a  few 
moments'  grinding  with  a  lead  nut  charged  with  fine  emery. 
Secondly,  I  find  that  the  entire  length  of  the  screw  corresponds 
with  the  distance  between  the  terminal  graduations  of  the  bar.  It 
is  true  that  there  has  been  a  slight  forcing  of  single  threads,  but 
there  has  been  no  such  forcing  of  a  combination  of  threads  as  takes 
place  in  ordinary  practice,  when  the  attempt  is  made  to  change  the 
general  pitch  of  a  screw. 

Mr.  Oberlin  Smith. — Then,  sir,  as  I  understand,  the  practical 
process  consists  in  a  secondary  screw  which  corrects  the  errors  of 
the  first  screw,  thread  by  thread,  by  being  moved  in  some  definite 
relation  to  it,  that  relation  varying  with  each  individual  thread, 
each  of  which  has  a  personality  of  its  own,  and  you  are  in  the 
habit  of  doing  that  by  hand.  Of  course,  the  lathe  must  move  very 
slowly  at  present,  but  you  are  going  to  do  it  automatically  at  some 
future  time. 

Prof.  Rogers. — Ye6,  sir. 

Mr.  Oberlin  Smith. — What  kind  of  gear  do  you  use  to  connect 
the  secondary  screw  with  the  primary  so  as  to  get  that  variation 
of  motion  ? 

Prof.  Rogers. — In  a  general  way  the  secondary  motion  is  obtained 
either  by  means  of  a  worm  gear  which  moves  the  carriage  itself 
upon  thescrew,  or  by  a  combination  of  circular  gears  working  about 
different  centers.     There  was  a  patent  by  the  Putnam  Machine 
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Company  which  prevented  our  using  a  secondary  movement  of  the 
tool  itself,  even  if  we  had  designed  to  do  so.  To  get  around  the 
patent — which  it  is  always  necessary  to  do  [laughter] — we  really 
found  a  much  better  way,  by  simply  moving  the  carriage  upon  the 
screw  itself.  There  is  an  adjustable  sleeve — but  really  I  cannot 
describe  the  apparatus  without  the  drawings,  and  perhaps  not, 
even  if  I  had  them  here  [laughter].  Mr.  Ballon,  my  colleague 
in  this  investigation,  is  the  mechanician. 

Mr.  Oberlin  Smith. — That  is  what  we  call  castigating  a  certain 
old  gentleman  around  the  remains  of  a  tree.  It  is  very  common 
with  mechanical  engineers,  and  I  believe  it  is  very  good  engineer- 
ing [laughter]. 

Prof.  Webb.— Mr.  Chairman,  I  think  that  is  one  of  the  great 
advantages  of  our  patent  system,  that  it  stimulates  every  one,  in 
endeavoring  to  evade  an  existing  patent,  to  make  something  better 
than  was  made  before  ;  I  know  it  has  occurred  in  a  great  number  of 
instances  that  something  better  and  cheaper  has  been  arrived  at. 

But  it  was  another  point  that  I  wished  to  speak  on  :  During  the 
last  two  or  three  years,  in  looking  around  the  machine  shop  of 
Cornell  University,  I  have  repeatedly  met  with  a  number  of  in- 
teresting mechanical  appliances  and  ingenious  mechanisms,  and 
have  inquired  to  whom  they  were  due.  I  have  always  had  as  an- 
swer the  name  of  a  certain  gentleman,  an  honored  member  of  this 
society,  who  was  formerly  there.  One  of  those  things  is  a  machine 
that  will  measure  very  accurately  by  ten-thousandths  of  an  inch, 
from  12  inches  down,  and  as  that  belongs  to  ordinary  machine  shop 
practice,  I  should  like  to  hear  from  our  president  some  remarks  as 
to  the  applicability  and  importance  of  this  new  method  of  making 
screws  in  ordinary  machine  shop  practice.  1  believe  myself  that  it 
is  a  valuable  thing  for  the  machine  shop.  I  have  heard  that  certain 
firms  have  already  expressed  their  intention,  if  this  is  a  success,  t^ 
turn  out  their  old  screws  and  put  new  ones  into  their  lathes  in  order 
to  have  a  systematic  method  of  measuring.  I  cannot  see  that  any 
further  progress  in  accuracy  of  measurement  is  possible  unless  that 
is  done,  and  I  believe  that  the  true  method  of  measuring  in  a  lathe 
is  to  have  all  the  screws  in  that  lathe  graduated  and  to  use  them 
for  the  measurement  of  the  work.  I  should  like  to  hear  upon 
this  point  from  those  acquainted  with  ordinary  machine  shop 
practice. 

Mr.  Hand. — Mr.  President,  if  my  memory  serves  me  rightly, 
about  6ix  or  eight  years  ago,  you  and  I  had  something  to  do  with  a 
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pair  of  Whitworth  screws  on  a  measuring  machine.  They  were 
very  much  out  of  truth.  While  you  are  telling  about  what  Prof. 
Webb  referred  to,  I  would  like  to  ask  von  to  tell  about  the  device 
yon  put  on  the  machine,  to  eliminate  the  errors  of  those  screws. 
At  that  time  we  knew  nothing  about  this  grinding  process,  and 
when  we  got  stuck  in  the  making  of  gauges,  for  the  want  of  a  per- 
fect screw  to  measure  with,  you  kindly  came  forward  and  helped 
us  out  by  applying  the  corrective  device  referred  to. 

President  Sweet — I  hardly  think  it  within  the  scope  of  this  dis- 
cussion to  branch  off  into  the  question  of  measuring  machines,  un- 
less it  be  the  will  of  the  meeting  that  we  deviate  from  the  title  of 
the  paper.  It  seems  to  me  there  is  not  much  to  say  when  we  con- 
fine ourselves  to  the  perfect  screw.  It  has  been  made  more  perfect 
in  the  screw  described  than  anything  ever  made  before.  But 
when  we  get  the  perfect  screw  we  have  got  to  use  it,  and  it  is  de- 
sirable that  we  shall  maintain  its  accuracy:  for  that  is  an  important 
thing.  If  our  screw  is  made  perfect,  and  we  go  to  use  it  and  it 
soon  wears  out,  we  are  pretty  nearly  as  badly  off  as  if  we  had  never 
had  it. 

Professor  Rogers  referred  to  his  hobby.  My  hobby  has  been  to 
get  equal  length  of  wearing  surface  wherever  I  thought  it  was 
practicable.  I  applied  that  to  the  measuring  machine  referred  to 
by  Prof.  Webb  by  making  the  screw  and  the  nut  of  the  same 
length,  believing  that  if  we  ground  them  together  in  that  form,  we 
would  maintain  better  results  than  if  we  put  a  short  nut  on  a  long 
screw.  1  was  not  present  to  hear  that  part  of  the  paper,  but  I 
believe  it  was  stated  that  when  they  came  to  grind  their  screw 
they  were  all  right  until  they  got  pretty  nearly  to  the  end  ;  then 
they  met  with  difficulties  that  caused  them  more  trouble  and  more 
time  to  eliminate  than  all  the  work  done  up  to  that  point.  To 
.  give  a  fair  illustration,  let  us  imagine  we  have  an  edge  which  in 
the  main  is  perfectly  straight,  but  throughout  its  entire  length 
there  are  slight  undulations.  Let  us  take  a  short  piece  of  like 
character  and  try  to  grind  those  slight  undulations  out.  The  result 
will  be  just  as  it  was  with  the  screw.  It  will  be  all  right  through 
the  center,  but  when  we  come  to  the  ends  we  meet  with  the  same 
difficulties — that  they  do  not  disappear,  or  you  grind  the  end  off 
too  much  or  not  enough.  Now,  let  us  take  two  straight  edges  of 
the  same  length  with  the  same  undulations,  but  with  the  undulations 
in  one  of  different  pitch  from  those  in  the  other.  If  these  be  ground 
together,  what  will  be  the  result  ?   We  will  soon  fetch  down  our  two 
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straight  edges,  and  they  will  be  practically  straight,  as  well  on  the  ends 
as  in  the  middle.  That  was  the  plan  I  adopted  on  the  screw — to 
make  the  screw  and  the  nut  of  the  same  length,  and  make  them  work 
back  and  forth.  The  screw  and  the  nut  were  three  inches  long,  and 
our  measurement  was  only  one  inch.  In  our  machine  it  made  no 
difference  to  us  whether  we  had  sixteen  threads  to  the  inch  or  more 
or  less  than  sixteen  threads.  We  did  not  care  whether  it  was  16 
plus  or  16  minus,  because  we  had  to  read  to  a  line,  and  that  line 
could  just  as  well  be  a  spiral  which  would  correct  the  error  as  to 
be  a  straight  line  parallel  with  the  axis  of  the  screw.  We  found 
our  screw,  if  it  continued  62 feet,  would  have  one  too  many  threads, 
so  that  by  making  the  line  a  spiral  that  would  make  one  complete 
turn  in  sixty-two  feet,  the  error  in  the  pitch  was  corrected. 

The  same  principle  was  applied  to  the  Richards  machine,  only 
in  their  case  they  have  a  short  nut  on  a  long  screw.  In  that  case, 
instead  of  making  the  line  equivalent  to  a  perfect  spiral,  the  line 
had  to  be  more  or  less  curved,  because  those  errors  came  in  at  the 
ends  of  the  screw,  when  the  short  nut  got  up  to  the  end,  and  the 
line  had  to  be  a  curved  line  rather  than  a  spiral. 

Now,  in  applying  this  perfect  screw  to  practical  purposes,  as  I 
understand,  they  propose  to  make  the  lead  screws  of  lathes. 

In  using  a  lathe  for  the  ordinary  purposes  of  a  machine  shop, 
you  all  know  very  well  it  will  not  be  long  before  we  have  it  worn 
down  at  the  head-stock  end,  and  not  worn  at  all  at  the  foot-stock 
end.  We  know  we  cannot  make  a  screw  and  nut  of  the  same 
length,  and  what  shall  we  do  ?  It  is  easy  to  do  better  than  we  do 
now,  if  we  only  had  the  courage.  Cut  away  the  threads  at  the 
foot-stock  end — nine  threads  out  of  ten,  eight  out  of  nine,  five  out 
of  six,  etc.,  cutting  out  the  mo6t  where  the  screw  wears  the  least. 
This,  cf  course,  could  not  be  determined  accurately,  because  we  do 
not  know  how  much  the  screw  is  to  be  used  on  long  and  how  much 
on  short  work,  but  it  would  help  the  matter  very  materially.  None 
of  us  have  the  courage  to  cut  away  the  threads  of  a  nice  screw.  I 
am  having  a  lathe  made,  and  putting  in  all  the  notions  I  have 
thought  of — a  good  many  more  notions  than  improvements,  pos- 
sibly— and  though  I  have  a  good  deal  of  courage  in  mechanics,  I 
have  not  enough  to  make  a  lead  screw  as  it  ought  to  be  made 
[laughter]. 

Mr.  Band. — Mr.  Chairman,  I  would  say  in  regard  to  the  cor- 
rection of  that  screw  referred  to  by  Mr.  Towne,  which  I  had  the 
honor  of  superintending,  we  found  errors  in  it  that  varied  all  die 
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way  from  minus  .004  of  an  inch  to  plus  .005.  We  determined  to 
get  these  errors  reduced  as  much  as  possible,  and  we  ground  three 
weeks  on  the  screw  in  the  attempt.  It  is  38  feet  long  and  three 
inches  in  diameter,  two  threads  to  the  inch,  or  one-half  inch  pitch, 
and  a  square  thread.  The  sides  being  at  right  angles  to  the  axis  of 
the  screw,  made  it  very  difficult  to  grind,  but  we  managed  it  by 
taking  two  half  nuts  and  lining  them  with  a  lead  bushing.  Having 
nuts  about  twelve  or  fourteen  inches  long,  gave  considerable  length 
to  the  thread.  We  ran  one  nut  back  and  forth  the  whole  length  of 
the  screw  to  even  up  the  thread.  We  then  found  there  was  very 
little  difference  in  the  tightness  of  the  nut  from  one  end  of  the 
screw  to  the  other.  Then  we  introduced  a  space  between  two  nuts 
of  about  twelve  inches,  in  order  to  separate  them,  and  we  found  it 
went  very  easily  in  some  places.  We  ran  it  along  two  or  three 
days  until  we  thought  it  was  evon,  meanwhile  measuring  it.  By 
introducing  another  length  of  two  feet  we  still  further  separated 
these  nuts  to  change  the  conditions,  and  then  finally  one  of  three 
feet  was  added,  and  we  got  it  so  that  in  all  positions  the  nut 
apparently  had  the  same  resistance.  We  measured  the  screw,  and 
found  that  the  general  errors  had  been  reduced,  as  nearly  as  we 
could  measure  it,  to  about  one-thousandth  of  an  inch,  either  plus  or 
minus.  Of  course,  as  the  flexure  of  the  screw  came  in,  we  measured 
it  on  all  sides.  In  grinding  this  soft  iron  screw  the  sides  of  the 
thread  were  filled  with  emery,  I  think  since  the  grinding  there 
may  have  been  a  slight  change  in  the  pitch  up  to  a  certain  time, 
but  its  use  afterward  always  gave  the  same  results.  The  screw 
that  was  cut  by  it  and  then  measured  had  the  same  errors  in  it  that 
the  original  screw  had  after  grinding.  We  only  use  this  long 
screw  for  screws  that  are  nearly  the  length  of  the  machine  itself. 
We  have  shorter  screws  for  doing  short  work,  and  we  are  in  hopes 
of  getting  in  time  a  perfect  screw  in  this  lathe.  The  use  of  this 
screw  is  only  an  expedient  until  that  time  comes. 

Prof.  Webb. — I  suppose,  to  put  it  briefly,  that  Professor  Rogers 
is  introducing  a  new  breed  of  screws.  Now,  we  know  that  the 
agriculturists,  when  they  have  a  fine  animal,  do  not  put  him  to 
hard  work.  They  take  care  of  him  ;  and  yet  they  will  have  fine 
animals,  and  they  pay  the  money  for  them,  and  I  suppose  that  me- 
chanical engineers,  if  they  do  not  use  a  perfect  screw  where  they 
need  it,  now  that  one  is  obtainable,  will  be  worse  off  than  the  far- 
mer is.  An  idea  has  occurred  to  me  as  to  how  they  might  be  used. 
It  is  quite  possible  to  have  these  screws  so  arranged  that  any  part 
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of  them  can  be  used  at  will.  You  would  use  your  lathe  for  accurate 
work  only,  and  would  keep  account  of  the  screws  you  cut,  making 
the  record  show  as  nearly  as  possible  how  much  the  screw  was 
worn  by  each  job.  In  this  way  the  wear  could  be  very  evenly 
distributed.  There  are  various  ways  of  fixing  it  so  that  all  the 
screw  can  be  used,  and  used  regularly. 

Mr.  Heese. — Professor  Webb  has  said  that  this  is  like  the  intro- 
duction of  a  new  breed  of  chickens.  It  just  occurred  to  me  that  if 
Professor  Eogers  proposes  to  introduce  a  new  breed  of  chickens, 
some  attention  ought  to  be  paid  to  the  rooster  [laughter]. 

I  have  been  surprised  that  in  this  discussion  and  in  this  paper, 
which  is  a  very  good  paper  indeed,  no  attention  has  been  paid  to 
the  molecular  physics  of  the  bar,  which  I  believe  will  have  some- 
thing to  do  with  the  generation  of  high-bred  screws.  It  seems  to 
me  that  it  would  be  impossible  to  get  a  uniform  series  of  screws 
accurate  unless  you  had  a  uniform  structure  of  metal  to  start  with. 
I  presume  it  is  expected  to  make  those  screws  out  of  steel.  Now, 
we  all  know  that  it  is  a  very  difficult  matter  to  get  a  uniform  bar 
of  steel — a  bar  in  which  the  molecular  structure  is  uniform  at  all 
points.  It  is  very  difficult  to  get  a  bar  of  steel  in  which  the  carbon 
is  uniformly  distributed  throughout  the  bar.  Variation  of  temper- 
ature varies  the  molecular  action.  It  varies  the  expansion  and 
contraction — not  only  in  its  entirety,  but  in  any  point  of  the 
bar. 

Some  experiments  that  I  made  some  years  ago  that  are  not  yet 
complete  may  be  referred  to.  I  am  sorry  that  I  have  not  had 
the  means  to  continue  them  and  make  them  complete.  Still  they 
are  complete  enough  to  make  a  reference  to  them.  They  go  to 
show  that  the  shape  of  the  molecule  in  the  molecular  structure  of 
steel,  and,  in  fact,  of  all  metals,  is  spherical,  and  that,  in  the  act  of 
rolling,  the  spheres  are  drawn  out  along  the  lino  of  their  long  axes, 
and  that  this  is  not  their  normal  position  in  a  bar  of  metal ;  it  is 
abnormal.  The  spheroids  ought  to  have  their  long  axes  across  the 
bar.  Now,  I  have  taken  a  bar  that  was  rolled  in  the  ordinary  way, 
with  its  molecules  having  their  long  axis  running  parallel  with  the 
length  of  the  bar,  and  found  its  tensile  strength  to  be  109,486  to 
the  square  inch.  This  bar  when  annealed  stood  107,486  lbs.  to 
the  square  inch.  The  bar  exhibited  an  elongation  of  10  per  cent 
in  8  inches  before  annealing,  and  16  per  cent,  after  annealing. 

Another  bar  of  steel  rolled  in  the  ordinary  manner  to  1.012 
diameter,  exhibited  a  tensile  strength  of  109,486  lbs.  to  the  square 


A  PRACTICAL  SOLUTION  OP  THE  PERFECT  SCREW  PROBLEM.     31 

inch,  and  an  elongation  of  10  per  cent,  in  8  inches  before  annealing. 
This  bar  was  passed  through  my  machine,  which  caused  the  bar  to 
rotate  at  high  speed  and  under  great  pressure.  The  effect  of  this 
action  was  to  twist  the  molecules  so  as  to  leave  their  long  axes 
across  the  bar.  This  bar  was  rolled  cold,  its  diameter  was  increased 
to  1.017,  its  tensile  strength  was  reduced  to  107,972,  and  its  elon- 
gation increased  to  20  per  cent,  in  8  inches.  This  bar  was  then 
annealed,  but  the  annealing  had  no  effect  on  its  tensile  strength,  or 
its  elongation  before  rupture.  Annealing  has  no  effect  on  a  bar  of 
steel  in  which  the  molecules  are  in  their  normal  attitude.  A  perfect 
screw  cannot  be  made  from  a  bar  of  steel,  in  which  the  molecules 
do  not  exist  in  their  normal  attitude.  The  steel  must  possess  a 
uniform  physical  structure,  in  which  the  molecules  exist  in  their  nor- 
mal attitude,  with  their  longer  axes  uniformly  parallel  to  each  other, 
before  Professor  Rogers  can  hope  to  secure  the  end  he  has  in  view. 

Prof.  Rogers. — Mr.  President,  if  you  will  allow  me — I  do  not 
like  to  take  up  so  much  of  your  time — but  I  have  touched  upon 
that  problem.  One  of  the  most  illustrious  astronomers  who  ever 
lived,  one  who  has  made  the  largest  contributions  to  our  knowledge 
of  the  positions  of  the  stars  in  the  heavens,  once  said  that  "  one  is 
liable  to  fail  of  reaching  practical  results  if  the  range  of  inquiry  is 
extended  too  far."  If  we  are  compelled  to  determine  the  changes 
which  take  place  in  the  molecular  structure  of  steel  before  a  perfect 
screw  can  be  made,  I  fear  it  will  be  yet  many  years  before  such  a 
screw  can  be  made.  This  problem,  is  an  exceedingly  interesting 
one,  but  fortunately  it  has  but  little  bearing  upon  the  ordinary 
behavior  of  steel  under  the  changes  of  temperature,  which  or- 
dinarily occur.  But  since  this  subject  has  been  introduced  I  may 
say  that  1  have  during  the  past  three  years  attempted  to  ascertain 
the  effect  of  change  of  temperature  upon  the  molecular  structure 
of  steel,  copper  and  glass,  by  investigating  the  constancy  of  the  co- 
efficient of  expansion  of  these  metals. 

I  have  two  bars  of  glass  having  the  dimensions  41  x  If  x  If  inches 
made  for  the  Standards  Department  of  the  English  Government 
by  Chance  &  Sons  in  1870.  One  of  these  bars  was  presented  to 
me  by  Mr.  Chaney,  Warden  of  the  Standards.  I  was  allowed  to 
bring  with  me  from  London  a  duplicate  bar  for  the  purpose  of 
graduation.  I  have  for  two  years  studied  the  constancy  of  the  co- 
efficient of  expansion  of  these  bars.  I  cannot  answer  for  the  changes 
which  may  have  taken  place  during  the  ten  years  in  which  they 
were  allowed  to  assume  a  normal  condition,  but  it  is  in  my  opinion 
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very  certain  that  these  bars  of  glass  have  at  the  present  time  a  con- 
stant co-efficient  of  expansion. 

The  observations  which  have  now  been  continued  for  nearly 
three  years  with  bars  of  copper,  brass  and  steel  of  various  grades, 
all  point  to  the  constancy  of  their  co-efficients. 

The  argument  for  that  change  of  length  in  metals  which  is  a 
function  of  their  age  is,  as  far  as  I  can  learn,  based  upon  the 
following  observations.  First,  that  the  zero  point  of  a  thermometer 
always  rises  during  the  first  one  or  two  years  of  its  life ;  and,  second, 
that  certain  standards  which  have  been  compared  at  wide  intervals 
of  time  give  evidence  of  an  absolute  change  in  length.  With  re- 
gard to  the  argument  from  the  recognized  changes  in  thermometers, 
it  may  be  said  that  a  rise  in  the  zero  point  does  not  by  any  means 
indicate  a  change  in  the  structure  of  the  glass  tube.  In  this  case 
we  have  simply  the  magnified  effect  of  a  thin  shell  of  glass  upon  a 
comparatively  large  mass  of  mercury.  With  regard  to  the  observed 
changes  in  absolute  length,  it  is  safe  to  say  that  the  observations 
are  not  in  a  single  instance  conclusive.  Take  for  illustration  the 
various  comparisons  of  the  TL  S.  Standard  Yard  "  Bronze  11 " 
which  have  been  made  with  the  Imperial  Yard.  In  1855,  "Bronze 
11 "  was  assumed  to  be  about  one  ten-thousandth  of  an  inch  too 
long.  In  1879,  it  appeared  from  the  observations  of  Mr.  Chaney 
and  Professor  Hilgard  to  be  88  millionths  of  an  inch  too  short. 
But  according  to  the  last  report  of  the  Standard  Department,  the 
observations  of  Professor  C.  S.  Peirce,  made  during  the  summer  of 
1883,  gave  the  relation,  "  Bronze  11  +  .000022  inch=Imperial 
Yard.  If  we  can  trust  the  comparisons,  we  have  had  therefore  in 
this  instance  both  a  decrease  and  an  increase  of  length  during  the 
last  thirty  years.  I  am  very  confident  that  no  change  at  all  has 
taken  place.  Probably  we  must  refer  the  apparent  change  to  the 
different  kinds  of  illumination  under  which  the  defining  lines  were 
observed  in  the  different  series  of  observations. 

With  regard  to  the  experiment  upon  steel  to  which  the  last 
speaker  has  referred,  it  must  be  said  that  the  seven  seconds  of  time 
mentioned  ought  to  have  been  at  least  seven  hours.  Any  change 
of  temperature  in  the  entire  mass  of  a  given  bar  of  metal  is  a 
function  of  that  mass  and  of  the  time  of  exposure  to  a  given  tem- 
perature. If  a  brass  bar  with  the  dimensions  41  x  1  x  1  inches  and 
having  the  temperature,  e.  g.y  50°  Fahr.,  is  removed  to  a  room  in 
which  a  coustant  temperature  of  70°  is  maintained,  four  or  five 
hours  must  elapse  before  the  bar  will  assume  its  normal  condition 
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in  the  latter  temperature.  Contrary  to  the  general  impression,  the 
effect  of  this  change  of  temperature  will  be  very  slow  for  the  first 
five  or  ten  minutes. 

The  effect  of  the  presence  of  the  observer  in  a  comparing  room 
upon  a  bar  of  this  kind  will  not  be  perceptible  for  ten  or  fifteen 
minutes.  I  can  even  handle  the  bar  with  impunity  during  the  first 
five  minutes.  But  the  effect  of  a  similar  change  of  temperature 
upon  a  bar  of  small  section  will  appear  at  once.  Hence  in  my 
practice  I  have  everything  in  readiness  to  make  the  first  com- 
parison of  the  bar  having  the  lea6t  mass  within  one  or  two  minutes 
after  entering  the  comparing  room.  I  then  compare  the  bars  in 
the  order  of  their  masses,  allowing  the  limit  of  fifteen  minutes  for 
bars  having  the  dimensions  just  named.  When  the  comparisons 
are  completed  I  leave  the  room  quickly,  and  do  not  enter  "it  again 
for  about  five  hours.  During  this  time  the  slight  increase  of  tem- 
perature due  to  the  presence  of  the  observer  will  have  been  taken 
up  by  the  bar.  It  would  seem  that  in  the  experiment  which  the 
la6t  speaker  described,  the  mass  of  the  bar  was  not  sufficiently 
considered,  and  that  the  length  of  time  of  exposure  to  a  given  tem- 
perature or  rather  the  time  during  which  compression  was  taking 
place  was  not  noted  with  sufficient  accuracy. 

I  have  not  yet  seen  any  decisive  evidence  of  a  molecular  change 
in  the  structure  of  metals  under  moderately  slow  changes  of  tem- 
perature. Certainly  this  is  the  result  of  my  experiments  thus  far. 
I  venture  the  prediction  that  the  result  of  the  discussion  which  will 
assuredly  take  place  during  the  next  ten  years  will  be,  that  with 
the  exception  of  a  few  composite  metals,  e.  g.  zinc,  all  metals 
assume  a  normal  condition  soon  after  they  pass  from  a  molten  to  a 
solM  condition,  and  that  we  may  safely  dismiss  the  consideration 
of  all  changes  which  in  any  way  depend  upon  the  age  of  the  metal. 
Certainly,  we  need  not  take  account  of  this  source  of  disturbance  in 
the  production  of  screws. 

Mr.  Woodbu?y. — Mr.  President,  at  the  first  meeting  of  the 
Society  in  New  York  a  paper  was  read  criticising  the  metric  sys- 
tem, and  at  that  time  a  statement  was  made  that  there  was  not  a 
single  leading  screw  in  the  world  graduated  on  the  metric  system, 
and  I  should  like  to  ask  if  that  is  true  to-day  ? 

Prof.  Rogers. — No,  sir,  it  is  not  true.     As  I  said   before,  Mr. 
Van  Woerd  constructed  a  screw  for  me  on  the  metric  svstem.     A 
metric  screw  by  Froiuent  of  Paris  is  now  in  the  office  of  the  Coast 
Survev  at  Washington. 
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Mr.  Woodbury. — Do  any  French  tool  makers  use  the  metric 
system  on  their  lathes? 

Prof.  Roger 8. — Always. 

Mr.  Kent. — Mr.  Reese  just  told  us  that  he  has  branched  into  the 
domain  of  molecular  physics.  I  think  he  has  made  a  slight  mistake 
in  the  name.  It  is  molecular  metaphysics.  Physics  can  carry  us 
only  about  as  far  as  Professor  Rogers  carries  us  when  he  says,  "  A 
piece  of  mechanism  of  the  class  which  the  French  would  call 
mechanism  of  precision  may  be  termed  perfect  when  it  meets  all 
the  requirements  of  the  purpose  for  which  it  was  constructed." 
That  is  as  far  as  physics,  I  think,  to-day  can  carry  mechanical 
engineers ;  but  philosophers  and  scientists  may  be  carried  further 
when  they  trench  on  the  domain  of  molecular  metaphysics,  with 
which,  I  think,  this  Society  has  nothing  to  do. 

Mr.  Towne. — Mr.  President,  I  wish  to  add  just  one  word  relating 
to  the  Whitworth  screw  made  by  Pratt  &  Whitney.  There  is  no 
doubt  but  what  extreme  care  was  taken  in  the  production  of  that 
screw,  as  has  been  said  by  Mr.  Bond,  and  I  believe  we  have  in  that 
screw  as  perfect  a  large  screw  as  there  is  in  this  country.  I  ap- 
preciate the  force  of  the  suggestion  which  the  president  has  made 
that  later  work  done  with  that  screw  will  probably  be  better  than 
its  first  work. 

Mr.  Bond  made  reference  passingly  to  another  feature  in  this 
lathe  which  may  be  mentioned  a  little  more  fully,  and  I  may  be 
pardoned  for  doing  it,  as  it  was,  I  believe,  at  my  suggestion,  that  it 
was  incorporated.  That  is,  providing  for  a  second  lead  screw  in 
lathes  of  this  kind,  for  doing  short  work.  In  our  lathe  the  main 
screw  is  28  feet  long,  I  think,  and  is  on  the  front  of  the  bed. 
Behind  the  bed  is  a  shorter  screw,  about  10  feet  in  length,  ctft  in 
the  same  way,  and  corrected,  I  believe,  in  the  same  manner,  the 
purpose  of  which  is  to  cut  nuts  of  short  screws,  and  in  that  way 
obviate  unequal  wear  on  the  main  lead  screw,  and  keep  that  for 
cutting  long  and  fine  screws,  using  the  other  6crew  for  less 
important  work  and  for  short  nuts.  I  think  in  any  lathe  to  be  used 
in  ordinary  machine  shop  work,  particularly  for  cutting  long 
threads,  it  is  exceedingly  desirable  to  have  that  secondary  screw  for 
cutting  the  nuts  which  are  always  required  for  6iich  work,  and  for 
doing  other  short  and  unimportant  work. 

Mr.  Bond. — Another  lathe  wThich  might  be  referred  to  is  made 
specially  for  cutting  leading  screws  for  lathee.  It  has  two  lead 
screws,  and  it  is  intended  to  use  one  to  cut  a  certain  length  of 
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lathe  screw,  and  the  other  for  longer  lengths,  and  in  that  way 
there  is  a  tendency  to  make  the  wear  uniform  the  whole  length  of 
both  screws.  It  will  take  time  to  do  this  for  all  lengths  of  lathe 
screws,  but  that  is  what  will  be  required. 

Mr.  S.  W.  Hobin8on. — Mr.  President,  I  have  two  questions  that  I 
would  like  to  have  settled  in  my  own  mind.  Possibly  one  of  them* 
has  been  settled  already  in  the  reading  or  in  the  discussion.  If  so,  I 
did  not  notice  it  particularly.  One  is  as  to  errors  occurring  in  a 
single  turn  of  the  screw — a  single  thread — a  single  revolution. 
Professor  Rogers  speaks  of  using  a  microscope  and  micrometer 
screw  to  correct  the  position  of  the  cutting  tool,  as  I  understand, 
for  errors  in  the  lead  screw,  as  the  work  goes  along.  I  heard  ref- 
erence once  to  divisions  of  a  revolution  into  parts  of  a  revolution — 
20ths,  and  so  on.  I  did  not  quite  catch  whether  a  graduated  stand- 
ard bar  was  actually  used  or  contemplated  in  making  these  screws, 
the  graduation  of  wh'ich  was  line  enough,  say,  to  divide  the  pitch 
of  the  screw  being  cut  into  20  parts,  and  then  stop  at  each  gradu- 
ation mark,  or  not  to  stop,  either,  but  watch  for  the  20ths  of  the 
revolution  and  adjust  the  position  of  the  tool  at  each  mark.  There 
might  be  a  signal,  for  instance,  giving  notice  of  the  approach  of 
each  20th  of  a  revolution.  Every  screw  revolves  so  slowly  in  the 
cutting  that  there  is  time  for  a  signal  to  be  made  and  the  observer  to 
watch  his  opportunity  and  adjust  the  thread  in  each  20th  of  a  rev- 
olution, if  you  please,  or  in  any  other  number  of  divisions.  It  is 
evident  that  it  can  be  carried  to  that  extent,  and  I  am  not  certain 
whether  it  was  intended  to  be  explained  as  if  carried  to  that 
extent. 

Now,  this  subject  touches,  perhaps,  a  point  of  interest  in  regard 
to  the  permanence  of  metal ;  that  is,  with  respect  to  the  bar,  the 
permanence  of  the  bar  itself.  If  we  could  easily  obtain  a  bar  which 
could  be  divided  into  20ths  of  a  thread  for  its  whole  length  and  be 
perfect,  it  strikes  me  that  this  method  of  cutting  a  screw  would  re- 
sult in  cutting  a  perfect  screw,  that  is,  perfect  within  our  present 
means  of  measuring,  or  present  notion  of  precision  in  such  matters, 
to  say  the  least. 

As  to  the  permanence  of  metals,  that  question,  if  it  is  touched 
upon,  seems  to  be  an  important  one  here,  not  only  to  the  standard 
bar,  but  to  the  screw  which  is  to  serve  as  a  standard.  A  screw 
that  has  been  made  with  great  care,  of  course,  should  be  permanent 
as  to  its  constitution  and  dimensions.  Dimensions  are  the  leading 
point.   If  there  is  a  change  in  the  physical  constitution  in  any  way, 
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such  as  in  the  relation  of  the  molecules,  there  would  be  a  change  in 
the  dimensions  of  the  screw.  I  was  once  struck  with  a  remark  in 
a  letter  I  received  from  a  young  man  employed  at  the  Elgin  Watch 
Works.  He  said  that  there,  in  making  mandrels  that  they  desired 
to  use  in  work  of  great  precision,  they  were  in  the  habit  of  getting 
but  the  blocks  of  steel  nearly  to  size,  tempering  them,  if  they  were 
to  be  tempered,  then  laying  them  away  a  year  or  two  to  season. 
Now,  it  seems  to  me  that  if  there  is  anything  in  that,  if  it  is 
necessary  to  season  steel,  it  is  quite  necessary  that  these  standard 
steel  screws  should  be  "  seasoned,"  and  also  the  standard  graduated 
bars  to  be  used  in  guiding  the  screw  cutting,  whether  it  be  carried 
to  the  extent  of  divisions  of  the  revolution  or  not.  I  would  like  to 
ascertain  what  has  been  done  in  regard  to  those  two  points. 

Prof.  Rogers. — The  6  foot  screw  in  the  new  machine  which  has 
been  referred  to  was  cut  in  the  way  which  Professor  Robinson  has 
described.  It  was  not  quite  feasible  to  employ  the  principle  of  re- 
versing the  half  nuts  in  a  screw  having  this  length.  Since  the 
provisional  leading  screw  was  cut  five  threads  to  the  inch  and  the 
bar  was  graduated  to  tenths  of  inches,  it  is  obvious  that  the  periodic 
errors  depending  on  half  revolutions  of  the  leading  screw  were 
eliminated,  but  this  operation  is  rather  tedious  and  requires  a  great 
deal  of  care.  Hence,  in  the  new  machine,  there  is  an  automatic  de- 
vice for  correcting  the  periodic  errors  which  depend  upon  single 
revolutions  of  the  screw.  The  larger  share  of  the  errors  of  this 
class  are  eliminated  by  means  of  a  template.  For  the  elimination 
of  those  which  remain,  dependence  must  be  placed  upon  the 
principle  of  the  reversal  of  a  nut  divided  into  sections.  Professor 
Rowland  has  not  yet  published  a  description  of  his  process  of  cor- 
recting a  screw,  but  it  is  understood  that  he  divides  the  nut  into 
four  sections.  A  short  nut  of  this  kind  has  recently  been  made  for 
me  by  Mr.  Ballou,  and  its  action  is  very  satisfactory.  I  suppose 
that  Professor  Rowland  has  anticipated  me  in  the  use  of  a  nut  having 
four  sections.  I  may  or  may  not  have  anticipated  him  in  the  use  of 
one  having  two  sections.  When  these  sectional  nuts  are  placed  in 
position  upon  the  screw,  the  faces  of  the  threads  of  the  screw  and  of 
the  nut  are  everywhere  nearly  parallel.  They  may  even  touch  at 
every  point,  but  if  there  are  periodic  errors  in  the  screw,  the 
relation  between  the  threads  of  the  nut  and  of  the  screw  will  vary 
in  every  part  of  the  revolution.  By  repeated  reversals  of  the  sec- 
tional nuts,  therefore,  the  tendency  will  be  to  equalize  the  errors  at 
everjr  point. 
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Mr.  Kent. — There  has  been  a  suggestion  made  about  moving  the 
leading  screw  along  the  lathe  from  end  to  end,  and  letting  it 
project  beyond  the  ends  three  or  four  feet,  in  order  to  have  the  nut 
move  at  all  parts  of  the  leading  screw.  I  have  a  suggestion  to 
make  as  to  how  that  might  be  accomplished  without  moving  the 
leading  screw.  Let  the  leading  screw  revolve  in  its  own  place  all 
the  time,  and  have  a  secondary  bar  or  shaft  above  it,  which  may 
project  beyond  the  end  of  the  lathe,  to  which  the  tool  post  is 
attached.  The  nut  of  the  leading  screw  is  to  be  clamped  to  this 
shaft  in  any  part  of  its  length,  and  the  position  of  the  nut  on  the 
screw  changed  from  time  to  time  so  as  to  wear  the  screw  uniformly. 
The  shaft  slides  between  bearings  so  that  it  shall  always  pull  in  a 
straight  line  (illustrated  on  the  blackboard). 

Mr.  Porter. — I  would  like  to  make  one  inquiry  of  Professor 
Rogers,  and  that  is  whether  any  attempt  has  ever  been  made  to  re- 
move the  periodic  errors  by  a  system  of  scraping  instead  of  grinding. 
The  reason  I  ask  that  question  is  this :  It  is  obvious  that  when  a 
perfect  screw  has  been  produced  it  is  desirable  that  it  be  maintained 
as  Jong  as  possible,  that  it  shall  have  as  long  a  lifetime  and  be 
capable  of  as  much  service  in  producing  other  perfect  screws  as 
possible.  Xow,  any  grinding  material  whatever  finding  its  way 
into  the  metal  makes  it  a  permanent  lap.  If  that  can  be  avoided, 
it  seems  to  me  that  a  longer  lifetime  would  be  insured  to  the 
screw,  and  it  has  seemed  to  me,  without  having  gone  into  the  sub- 
ject in  my  mind  very  carefully,  that  a  system  might  be  devised  by 
which  high  points  might  be  detected  upon  the  face  of  the  screw  in 
the  same  manner  as  they  are  detected  upon  a  plane  surface  and  re- 
moved by  scraping,  which  can  be  done  in  a  manner  exceedingly 
delicate.  My  inquiry  is  whether  any  attention  has  been  given  to 
that — whether  any  effort  has  been  made  in  that  direction. 

Prof.  Iiogers. — Yes,  the  experiment  was  tried  by  Mr.  Yan 
Woerd,  but  without  success.  I  do  not  think  the  plan  would  be 
possible.  We  do  not  deal  with  plane  surfaces  in  cutting  a  screw. 
We  deal  with  helices. 

The  objection  to  the  use  of  emery  in  grinding  is  not  a  serious 
one  in  practice,  especially  if  the  steel  is  hard.  We  shall  yet  have 
hardened  steel  screws.  Tempered  steel  behaves  quite  as  well  as 
annealed  steel  under  variations  of  temperature.  I  regard  the  co- 
efficient of  my  hardened  steel  standard  as  more  securely  determined 
than  for  any  other  metal  except  perhaps  for  copper. 

Mr.  Bond. — It  may  be  hardened  outside,  and  not  in  the  center. 


38       A   PRACTICAL  SOLUTION   OF  THE   PERFECT  SCREW   PROBLEM. 

That  is  possibly  the  effect  of  a  change  of  the  co-efficient  of  ex- 
pansion, because  the  main  body  of  the  bar  is  in  a  normal  condition, 
and  probably  not  very  hard.  We  know  that  in  standard  cylindrical 
gauges  that  are  made  of  tool  steel,  there  are  changes  that  come 
about  that  seriously  affect  the  diameter  of  the  ring  which  fits  the 
gauge,  but  it  is  only  in  steel  that  is  of  very  high  carbon. 

Prof.  Rogers. — I  shall  still  be  obliged  to  say  that  I  do  not  be- 
lieve that  the  action  which  Mr.  Bond  describes  is  the  result  of  a 
real  change.  All  of  my  observations  point  to  an  absolute  constancy 
in  length  soon  after  the  steel  is  tempered.  It  cannot  be  possible 
that  the  effect  of  a  change  of  two  or  three  degrees  in  temperature 
at  the  surface  of  a  steel  plug  two  inches  in  diameter,  will  be  to 
change  the  absolute  diameter  within  a  few  seconds  of  time.  Is  it 
not  more  reasonable  to  suppose  that  the  apparent  increase  of 
diameter  may  be  due  to  the  development  of  surface  heat  through 
surface  friction  in  inserting  the  plug  into  the  ring? 

The  principle  of  conservation  of  forces  applies  here  as  elsewhere. 
A  change  in  the  entire  mass  requires  a  certain  amount  of  time,  but 
there  is  6ome  evidence  that  strictly  surface  changes  may  occur,  and 
it  is  possible  that  the  observations  made  by  Mr.  Bond  may  be  ex- 
plained in  this  way.  The  experience  of  Alvan  Clark  &  Sons  in 
applying  the  principle  of  local  corrections  in  finishing  an  object- 
glass  gives  some  color  to  this  theory  of  local  surface  changes.  Even 
in  an  object-glass  of  the  largest  diameter,  two  or  three  polishing 
strokes  with  the  tinger  will  change  the  curvature  at  that  point  only, 
by  an  amount  which  can  be  instantly  detected  by  the  eye  in  the 
optical  tests  employed.  Are  we  to  say  that  the  slight  change  in 
temperature  produced  in  the  operation  of  polishing  has  affected  the 
entire  mass  of  glass  ?  We  might  more  reasonably  go  to  the  other 
extreme  and  say  that  in  the  operation  of  polishing  the  diwetion  of 
the  reflecting  particles  of  glass  which  compose  the  surface  is 
changed,  and  that  the  actual  change  in  position  is  therefore 
enormously  magnified  by  the  change  in  the  direction  of  the  rays  of 
light  which  reach  the  eye.  It  must,  however,  be  clearly  understood 
that  this  notion  of  surface  changes,  which  are  distinct  from  changes 
which  occur  in  the  whole  mass,  is  only  a  tentative  explanation  of  a 
very  difficult  problem.  These  slight  changes  are  strictly  local,  and 
cannot  in  any  sense  be  considered  as  affecting  what  we  call  the 
permanent  <fc  set "  of  metals.  The  observations  of  Mr.  E.  S.  Wheeler 
show  that  in  the  case  of  zinc  there  may  be  a  change  of  "set,"  but 
not  in  glass  or  6teel.     But  in  these  experiments  the  change  of  tem- 
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perature  was  very  violent.  The  bar  of  zinc  after  having  been 
packed  in  melting  ice  was  quickly  removed  and  plunged  into  boiling 
water.  After  remaining  in  boiling  water  for  two  or  three  hours 
the  bar  was  re-packed  in  ice.  Under  the  changes  of  temperature 
which  occur  in  ordinary  experience,  the  zinc  bar  should  assume  its 
normal  length  in  melting  ice  within  15  or  20  minutes,  but  Mr. 
Wheeler  found  that  after  the  bar  had  remained  in  the  ice  bath  for 
24  hours,  it  was  still  much  too  long,  and  it  was  only  after  an  im- 
mersion of  three  days  that  it  assumed  its  normal  length.  These 
experiments  were  very  carefully  made,  and  probably  a  repetition  of 
them  would  give  nearly  the  same  results  which  Mr* Wheeler  found. 
A  small  part  of  the  amount  of  change  of  "set"  may  possibly  be 
due  to  the  fact  that  the  bars  were  not  wholly  immersed  in  the  bath. 
It  is  my  experience  that  the  packing  of  ice  should  cover  the  bar  to 
the  depth  of  three  or  four  inches,  but  the  error  which  may  arise 
from  shallow  packing  cannot  much  exceed  five  or  six  mikronB,  or 
about  ffar  inch. 

As  far  as  I  can  learn,  the  positive  evidence  of  "set"  in  any  pub- 
lished record,  is  limited  to  the  paper  by  Mr.  Wheeler,  and  here  the 
evidence  is  limited  to  a  composite  metal,  viz.  zinc. 

Mr.  Oberlin  Smith. — Mr.  President,  I  want  to  suggest  a  possible 
method  that  has  just  occurred  to  me — perhaps,  though,  it  will  all  be 
knocked  into  a  cocked  hat  by  the  experience  of  some  of  the  gentle- 
men— of  making  a  prime  loading  screw  from  which  to  cut  other 
screws.     Suppose  we  had  a  large  cast-iron  drum,  D,  Fig.  65, — so 
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large  that  the  flexure  would  not  amount  to  anything.  It  could  be 
made  hollow  for  strength  and  to  get  less  dead  weight.  Suppose  it 
is  a  foot  in  diameter,  and  four  or  five  feet  long.  Suppose  that  into 
that,  in  a  spiral  line  as  nearly  as  could  be  drawn,  there  were  set  a 
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great  number  of  round  pegs,  forming  the  thread  of  the  master 
screw,  the  nut  consisting  of  a  piece  of  metal,  N,  resting  against 
therr  sides.  You  could  obtain  any  degree  of  accuracy  you  wished, 
by  making  the  diameter  of  the  drum  large  and  by  making  a  great 
number  of  pegs.  The  nut  running  against  quite  a  number  of  them 
would  probably  give  an  accurate  enough  surface  contact.  Any  in- 
dividual errors  occurring  would  extend  through  a  very  small  angular 
part  of  the  whole  revolution  of  the  drum.  Suppose  each  of  these 
pegs  was  adjusted  in  the  direction  of  the  axis,  which  could  be  very 
easily  done  by  making  the  pin  part  which  runs  into  the  drum 
slightly  eccentric  with  the  part  which  projects  out.  By  revolving 
the  peg,  and  sighting  one  side  of  it  with  the  microscope  of  the 
comparator,  by  a  very  easy  process,  without  any  grinding  or  cutting, 
the  whole  thing  could  be  adjusted  and  a  true  spiral  could  be 
obtained,  irrespective  too  of  the  pegs  having  an  exact  uniform 
diameter.  One  side  of  all  these  pegs  would  be  a  "perfect "  screw. 
Now,  it  seems  to  me  that  that  could  be  revolved,  and  another  per- 
fect screw  cut  from  it. 

Prof.  Rogers. — I  should  say  that  the  method  proposed  is  new, 
but  I  apprehend  that  in  a  practical  application  of  the  method  the 
experience  of  Hoe  would  be  repeated.  In  an  attempt  to  produce 
an  original  graduation  of  a  circle,  Mr.  Hoe  fitted  360  pieces  to  the 
periphery  of  a  wheel,  with  the  expectation  that  by  making  the 
parts  so  nearly  alike  that  they  could  be  interchanged  at  will,  he 
could  obtain  an  exact  division  into  360  equal  parts.  I  have  not 
had  the  pleasure  of  seeing  the  apparatus,  but  I  should  not  expect 
success  with  it,  on  account  of  the  large  number  of  surfaces  with 
which  one  would  be  compelled  to  deal,  viz.,  with  720. 

Mr.  Oberlin  Smith. — You  need  have  no  extreme  accuracy  in 
making  such  a  screw,  only  in  adjusting  it,  and  we  machinists  do  not 
pretend  to  adjust  those  pegs ;  we  turn  that  over  to  you.  You  have 
a  microscope  and  a  comparator,  you  can  turn  it  round  and  look  at 
every  peg,  and  adjust  it  to  the  one-millionth  of  an  inch. 

Prof.  Rogers. — Without  doubt  you  might  get  a  pretty  good 
screw  in  that  way,  since  there  would  be  no  repetition  of  errors. 
Unless  one  can  control  the  errors  of  a  leading  screw,  a  complete 
independence  of  a  leading  screw  is  to  be  desired.  The  members  of 
the  Society  will  recall  the  account  in  one  of  the  journals  of  the 
method  by  which  a  screw  was  cut  by  the  natives  of  India,  without 
the  help  of  a  leading  screw.  It  has  been  said  that  this  screw  is 
quite  the  equal  of  the  best  lathe  screws  of  the  present  day. 
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Mr.  Durfee. — I  think  the  suggestion  of  Mr.  Smith  was  carried 
ont  some  years  ago  by  a  mechanician  by  the  name  of  Andrew  Ross, 
of  London,  for  the  purpose  of  making  a  dividing  engine  for 
dividing  instruments  for  measuring  angles.  Instead  of  using  an 
ordinary  worm,  gearing  into  a  large  worm  wheel,  he  had  what  was 
equivalent  to  a  worm  constructed  something  in  this  way :  We 
will  suppose  a  cylinder,  on  a  horizontal  axis,  and  around  that 
cylinder  one  and  a  small  fraction  of  a  turn  of  a  very  deep  threaded 
screw. 

Through  this  thread  was  a  series  of  pins  having  hardened  cast 
steel  hemispherical  ends ;  these  were  adjustable  in  a  direction 
parallel  with  the  axis  of  a  cylinder,  and  each  one  could  be  adjusted 
independent  of  the  others.  As  the  cylinder  was  turned  each  of  the 
hemispherical  ended  pins  came  in  contact  successively  with  the 
hardened  flat  cast  steel  ends  of  a  series  of  adjustable  pins  projecting 
through  short  arms  securely  fastened  to  the  rim  of  the  great  wheel 
upon  which  the  instrument  to  be  divided  was  placed.  These  last 
named  pins  were  each  placed  parallel  to  a  tangent  to  the  great 
wheel.  A  full  description  of  the  invention  of  Mr.  Ross  will  be 
found,  accompanied  with  illustrative  engravings,  in  the  48th  volume 
of  the  Transactions  of  the  Society  of  Arts. 

Mr.  Oberlin  Smith. — I  would  recommend  this  over  that  for  its 
simplicity,  as  it  is  a  common  thing  that  any  machinist  could  make 
in  "three  or  four  days"  [laughter].  How  much  longer  he  would 
be  at  it  I  do  not  know,  but  I  imagine  that  in  Mr.  Bond's  workshop 
it  would  not  be  an  extremely  long  job.  The  pegs  being  in  duplicate, 
he  could  make  them  cheaply,  and  they  need  not  be  sized  very 
accurately,  as  they  could  fit  tight  in  the  holes  by.  being  slightly 
tapered. 

Mr.  Porter. — I  fancy,  Mr.  President,  that  each  one  of  those  pegs 
would  need  to  be  supplied  with  a  worm  wheel  [laughter]. 

Mr.  Oberlin  Smith. — The  eccentricity  in  those  pegs  need  be  so 
very  slight — (I  don't  know  how  much,  but  probably  a  thousandth 
of  an  inch,  or  somewhere  there,  for  the  holes  could  be  drilled  with- 
in that  limit  easily  enough) — the  eccentricity  would  be  so  slight, 
and  they  would  move  so  little,  that  they  could  be  revolved  with  a  long 
lever  [laughter],  and  would  answer  the  same  purpose  as  Mr.  Porter's 
worm  gear  exactly. 

Prof.  Webb. — Mr.  Chairman,  I  should  put  a  ball  joint  on  the  pins, 
so  as  to  make  them  stand  out  [laughter]. 

Mr.  Ch<x8.  E.  Emery. — I  must  say  that  it  seems  to  me  impossible 
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to  consider  the  proposition  of  spirally  arranged  eccentric  pins 
seriously.  Mr.  Porter's  satirical  suggestion  is  apropos.  It  was 
suggested  that  the  pin  device  could  be  made  in  an  hour  or  two,  but 
there  are  few  shops  in  the  country  which  could  do  it  accurately  in 
a  day  or  two  or  a  month  or  two,  if  at  all,  as  it  involves  that  the  hole 
for  each  pin  be  exactly  radial  and  at  right  angles  to  the  cylinder, 
that  the  pin  fit  the  hole  precisely,  and  that  the  face  of  the  eccentric 
on  the  pin  be  exactly  parallel.  Otherwise  the  incline  forming  the 
nut  will  touch  different  pins  at  different  distances  from  the  centre 
of  the  cylinder.  The  difficulty  is  to  work  writhin  one  two-hundred- 
thousandth  of  an  inch  mentioned  by  Professor  Rogers,  when  those 
of  us  who  have  tried  know  how  difficult  it  is  to  find  mechanics  that 
can  work  within  one-thousandth  of  an  inch.  The  proposition  as 
made  is  impracticable,  but  it  is  not  improbable  that  the  sides  of 
fixed  teeth  spirally  arranged  could  be  ground  separately  to  exact 
distances  determined  by  a  comparator.  The  teeth  could  be  made 
either  by  driving  in  pin6  or  by  cutting  a  rough  thread  on  a  long  pinion. 
An  accurate  series  of  faces  being  once  determined,  the  interpola- 
tions would  be  made  by  making  an  accurate  incline  to  form  a  nut. 

The  suggestion  of  Mr.  Porter  that  the  surfaces  could  be 
scraped  involves  the  unusual  difficulty  of  operating  upon  a  warped 
surface.  A  grinding  wheel  mounted  so  that  it  would  always 
approach  the  thread  at  a  fixed  angle  could  be  manipulated  to  touch 
any  point,  and  gradually  work  it  back  to  proper  position  by  a  com- 
parator. 

Mr.  Brashear  {by  invitation). — In  reference  to  the  screw  made 
by  Professor  Rowland,  which  Professor  Rogers  has  referred  to 
several  times,  I  would  say  that  1  had  the  privilege  of  examining 
it  while  on  a  recent  visit  to  the  Johns  Hopkins  University,  and 
I  may  say  that  Professor  Rogers  is  correct  in  regard  to  the 
division  of  the  correcting  or  grinding  nut  into  four  longitudinal 
parts,  and  I  would  also  say  that  the  correcting  nut  is  the  same 
length  as  the  6cre\v,  i.  e.,  the  same  as  used  by  your  president 
when  making  the  screw  at  Cornell.  The  grinding  was  done  under 
water,  emery  being  used  as  the  grinding  material,  and  the  water 
was  kept  at  the  same  temperature  throughout  the  grinding  pro- 
cess. Professor  Rowland  has  published  a  preliminary  paper  on  the 
work  done  by  this  magnificent  screw,  whose  error,  if  I  remember 
rightly,  is  not  greater  than  one-half  the  mean  length  of  a  wave  of 
light.  He  has  also  promised  a  paper  on  the  method  of  its  con- 
struction, which,  added  to  that  of  Professor  Rogers,  will  certainly 
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greatly  enhance  onr  knowledge  of  this  difficult,  yet  important 
problem.  Referring  to  the  question  of  abrading  metal  surfaces  by 
grinding,  J  think  we  have  much  to  learn.  We  know  that  grinding 
with  emery  has  been  abandoned  in  nearly  all  mechanical  work,  and 
scraping  has  taken  its  place,  but  this  plan  would  evidently  be 
inadmissible  in  the  correcting  of  errors  in  ^  screw.  My  own  ex- 
perience in  using  emery  is,  that  no  matter  how  carefully  the  work  is 
done  on  ordiuary  steel  or  iron  surfaces,  the  particles  will  imbed 
themselves  in  the  surface,  and  many  of  them  will  remain  there,  the 
microscope  always  revealing  them.  I  have  made  a  goodly  number 
of  experiments  in  this  line,  and  am  convinced  that  we  cau  find  a 
grinding  material  for  metal  surfaces,  which  will  possess  all  the  good 
qualities  of  an  abrasive  powder  without  the  dangerous  qualities  of 
emery,  corundum,  etc.,  which,  becoming  impacted  in  the  wearing 
surfaces,  must  go  on  grinding  as  long  as  they  are  in  use.  In  my 
experiments  I  have  found  elutriated  or  washed  "  Arkansas  Oil 
Stone"  powder  to  possess  the  same  excellent  qualities  as  emery 
without  its  dangerous  qualities,  save  in  a  very  limited  degree. 
Superior  to  tins  is  a  material  known  as  "Water  of  Ayr  Stone"  or 
"  Scotch  hone,"  which  will  cut  glass  very  readily.  To  prepare 
these  properly,  they  are  crushed  as  fine  as  possible,  then  put  into  a 
glass  jar  with  water  enough  to  stand  four  or  five  inches  above  the 
powder.  An  ounce  or  two  of  mucilage  is  stirred  in  the  water  to  assist 
in  holding  the  finer  particles  in  suspension.  The  powder  and  water  are 
then  thoroughly  incorporated,  the  lighter  matter  that  rises  to  the  top 
skimmed  off,  and  after  the  top  water  has  stood  undisturbed,  say,  for 
30  minutes,  it  is  drawn  off  with  a  syphon  to  within  a  half  inch  of  the 
settled  powder.  The  very  fine  particles  still  in  suspension  in  the 
water  that  has  been  drawn  off  are  allowed  to  settle, which  for  the  finest 
powder  will  take  a  day  or  more.  The  clear  water  is  now  poured  back, 
and  again  stirred,  and  the  water  drawn  off  after  standing  fifteen 
minutes.  The  operation  is  repeated  until  powder  may  be  obtained 
of  only  half  a  minute  suspension.  These  powders  may  now  be  put  in 
cases  where  they  can  be  kept  clean,  and  are  labelled  for  use.  In 
this  way  very  fine  and  excellent  working  abrasive  powders  can  be 
made,  which  I  have  reason  to  believe  will  be  especially  suited  to 
the  work  of  grinding  accurate  screws  and  kindred  parts  of  fine 
machinery.  Professor  Rogers  succeeds  best  with  some  sort  of  slate. 
In  Eugland,  France  and  Germany  many  different  sorts  of  slate 
have  been  used,  especially  in  the  working  of  surfaces  on  speculum 
metal.     I  think  this  subject  one  of  much  importance  and  a  fruitful 
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field  of  research,  and  I  trust  that  onr  American  mechanics  will 
fully  investigate  the  action  of  abrasive  materials  upon  metal  surfaces, 
so  as  to  arrive  at  the  very  best  results.  In  reference  to  the  question 
spoken  of  by  ray  friend  Mr.  Reese,  of  the  contraction  and  expansion 
of  metals  and  other  substances,  I  confess  I  have  had  to  change 
materially  my  ideas  of.  late.  With  Professor  Rogers,  I  am  convinced 
that  the  element  of  time  plays  an  important  part,  and  that  rapid 
changes,  such  as  can  be  readily  seen  by  optical  means,  are,  as  a  gen- 
eral thing,  not  changes  of  the  whole  mass  by  distribution  of  heat 
or  cold  throughout  the  whole  substance,  but  simply  changes  of 
surface.  Dr.  Hastings  has  devised  a  beautiful  test  for  optical  surfaces 
by  which  the  almost  inconceivably  small  error  of  .00000002  of  an 
inch  can  be  detected.  This  test  is  called  the  color  te6t,  and  is 
applicable  particularly  in  testing  glass  surfaces.  No  human  hand 
can  possibly  hope  ever  to  work  to  such  accuracy.  Let  two  plates  be 
placed  together  that  we  will  say  are  optically  flat.  We  see  by 
angular  vision  a  uniform  tint  distributed  over  the  surfaces  in  con- 
tact or  broad  parallel  bands.  Let  the  finger  or  anything  slightly 
different  in  temperature  touch  any  of  the  surfaces,  and  "  quick  as  a 
flash"  the  system  of  bands  are  disturbed,  L  e.,  in  so  inconceivably 
short  time  that  it  seems  utterly  impossible  that  the  disturbance 
should  permeate  the  mass,  but,  contracting  or  expanding  the  sur- 
face, as  the  case  may  be,  the  material  is  pulled  out  of  shape  by  this 
contracting  or  expanding  process.  Take  the  case  of  a  glass 
speculum,  say  2  inches  thick.  13y  Foncault's  method,  errors  of 
.00001  of  an  inch  can  be  seen.  Lay  the  linger  on  it  in  any  spot  for 
a  moment,  and  a  swelling  is  instantly  seen  that  affects  only  the  part 
touched,  while  the  surrounding  parts  are  disturbed  very  little  in- 
deed; gradually  the  swelling  subsides.  If,  however,  the  speculum 
be  polished  immediately  after  this  disturbance,  and  is  afterwards 
examined  when  the  speculum  comes  to  its  normal  condition,  a 
depression  will  be  seen  closely  correlative  to  the  elevation  first 
formed.  Can  it  then  be  other  than  a  surface  disturbance?  These 
changes  call  up  another  question,  i.  <?.,  the  idiosyncrasies  of  the 
molecular  disturbances  in  the  metal  and  glass  surfaces  we  have  to 
deal  with.  These  are  of  such  an  unstable  nature,  owing  to  the 
difficulty  of  obtaining  howogeneow  materials,  that  they  will  perhaps 
be  the  one  factor  that  will  forever  bar  the  way  to  the  most  perfect 
results.  Thanking  you,  Mr.  President  and  members  of  this  associ- 
ation, for  so  kindly  listening  to  my  remarks,  I  will  not  detain  you 
longer. 
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V 

To  the  President  of  the  University  : 

Sir,  —  The  termination  of  the  annual  subscription  in  aid  of  the 
Observatory  and  its  partial  replacement  by  the  income  of  a  recently 
subscribed  endowment,  were  mentioned  in  my  last  report.  The 
amount  of  the  temporary  subscription  somewhat  exceeded  the  an- 
nual sum  of  $5,000.  Moreover  many  of  the  contributors  paid  their 
subscriptions-  for  the  whole  term  of  fixe  j~ears  soon  after  making 
them,  thus  enlarging  their  donations  by  a  considerable  amount  of 
interest  since  accumulated  in  the  hands  of  the  College  Treasurer. 
The  expiration  of  the  subscription,  therefore,  did  not  immediately 
produce  its  full  effect  in  diminishing  the  available  resources  of  the 
Observatory.  But  the  time  has  now  arrived  when  a  considerable 
restriction  of  scientific  work  appears  to  be  inevitable.  The  recently 
subscribed  endowment,  indeed,  will  permit  the  continuance  of  some 
important  researches  undertaken  during  the  past  live  3'ears,  which 
without  it  must  now  have  been  laid  aside.  Still  the  decrease  during 
the  last  ten  years  in  the  rate  of  interest  yielded  by  the  funds  of  the 
University  is  so  great  that  the  income  of  the  new  endowment  of 
850,000  does  not  fully  replace  the  diminution  in  that  received  from 
the  okler  endowments.  For  the  ten  years  ending  in  1870  the  average 
rate  of  interest  was  7.21  }>er  cent,  while  for  the  last  year  it  has  been 
only  5.17  per  cent.  The  new  endowment  must  therefore  have  been 
as  much  as  870,000  to  prevent  a  reduction  in  the  resources  of  the 
Observatory. 

The  liberal  response  of  the  friends  of  astronomy  in  this  neighbor- 
hood to  former  appeals  for  assistance  prevents  a  further  demand  upon 
their  generosity  at  the  present  time.  The  alternative  of  a  reduction 
in  the  expenses  of  the  Observatory  must  therefore  be  accepted.  It 
has  accordingly  been  found  necessary  to  dispense  with  the  services  of 
five  assistants,  and  to  make  a  corresponding  decrease  in  expenditures 
of  other  kinds.  The  retirement  of  so  many  assistants  is  particularly 
unfortunate,  since  the  special  skill  which  they  had  gained  in  their  de- 
partments of  work  by  the  experience  of  several  years  will  now  be  lost 
to  the  Observatory.  At  the  same  time  they  will  be  subjected  to  the 
inconvenience  of  adapting  themselves  to  other  pursuits,  after  having 
devoted  much  time  and  labor  to  the  attainment  of  their  present  pro- 
ficiency in  the  principal  kinds  of  observation  and  computation  which 
arc  required  by  the  researches  here  pursued. 


The  place  of  one  assistant  has  fortunately  been  supplied  without 
expense  to  the  Observatory  by  the  courtesy  of  Commodore  Walker  of 
the  U.  S.  Navy.  He  has  ordered  Ensign  E.  E.  Ilnyden  to  duty  at 
this  institution,  to  assist  in  the  work  carried  on  with  the  Meridian 
.  Circle.  This  arrangement,  it  is  believed,  will  result  in  mutual  benefit, 
since  an  opportunity  of  acquiring  skill  in  advanced  scientific  work  is 
thus  afforded  to  an  officer  of  the  Navy,  while  the  Observatory  enjoys 
the  advantage  of  the  excellent  preparation  for  such  work  resulting 
from  his  previous  education  and  experience. 

It  is  to  be  hoped  that  the  present  restriction  of  the  activity  of  the 
Observatory  may  prove  to  be  only  temporary,  through  the  continued 
addition  of  unsolicited  donations.  An  important  bequest  of  85.000 
has  been  received  during  the  past  year  from  the  estate  of  the  late 
Thomas  G.  Appleton,  who  has  thus  given  a  further  evidence  of  the 
interest  which  he  showed  in  the  Observatory  during  his  life.  The  gift 
of  £25  received  from  Mr.  T.  W.  Backhouse  of  Sunderland,  England, 
as  a  contribution  to  the  subscribed  endowment,  also  demands  special 
acknowledgment,  since  it  indicates  that  the  interest  taken  in  the  wel- 
fare of  this  Observatory  extends  beyond  its  immediate  vicinity. 

Many  valuable  additions  have  been  made  by  astronomers  in  this 
country  and  in  Europe  to  the  collection  of  astronomical  photographs 
undertaken  last  year.  It  is  hoped  that  before  long  a  catalogue  of  the 
collection  may  be  prepared. 

East  Equatorial. 

Eclipses  of  Jupiter's  Satellites.  —  Photometric  observations  of  these 
eclipses  have  been  continued  upon  the  system  adopted  in  187*.  In 
all,  two  hundred  and  eighty-four  eclipses  have  now  been  observed, 
fortv-seven  since  the  end  of  October,  IHX;). 

Revision  of  Zone  Observations.  —  The  revision  of  the  observations 
given  in  Volume  VI.  of  the  Annals  of  this  Observatory,  so  far  as  they 
relate  to  stars  between  50'  and  GO'  north  of  the  equator,  has  been 
completed  during  the  last  year.  Some  discrepancies  in  position  and 
magnitude  have  been  found  which  cannot  readily  be  explained  by 
errors  in  the  observations.  The  stars  thus  indicated  as  interesting 
objects  for  further  examination  will  be  rcobserved. 

Standards  of  Stellar  Maynitude.  —  The  charts  of  twenty-four 
regions  extending  4ni  in  right  ascension  and  10'  in  declination,  and 
following  a  series  of  twenty-four  bright  stars,  as  described  in  the  lost 
report,  have  now  been  completed.  Valuable  assistance  in  revising 
these  chart*  has  been  received  from  Professor  E.  S.  1 1  old  en,  Director 
of  the  Washburn  Observatory,  Madison,  Wisconsin.  The  telescope 
of  the  Washburn  Observatory  has  a  slightly  larger  aperture  than  that 
at  this  Observatory.  Similar  assistance  has  been  promised  by  some 
other  observers  with  still  larger  telescopes. 
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Meanwhile  the  selection  of  stars  for  standards  of  stellar  magnitude 
has  been  made  for  ninny  of  the  regions  thus  charted,  and  photometric 
measurements  of  their  light  have  been  begun.  The  brighter  stars  of 
each  region  are  within  the  reach  of  the  meridian  photometer.  To 
connect  these  with  others  of  the  tenth  and  eleventh  magnitudes  the 
modified  wedge  photometer  is  employed  in  nearly  the  same  manner 
as  in  the  revision  of  the  zone  observations  already  mentioned.  With 
the  addition  of  a  simple  shade-glass,  stars  of  the  second  magnitude 
may  be  observed  with  this  wedge,  and  a  further  connection  is  thus 
made  between  its  work  and  that  of  the  meridian  photometer.  The 
stars  in  each  region  which  are  too  faint  for  observation  with  the 
wedge  are  compared  with  the  bright  star,  preceding  the  region  under 
examination,  by  means  of  Photometer  I,  described  in  Volume  XI.  of 
the  Annals  of  the  Observatory.  Many  of  the  stars  observed  with  the 
wedge  can  also  be  measured  with  Photometer  I,  and  all  the  results  of 
the  work  ma}'  Mi  us  ultimately  be  referred  to  the  meridian  photometer. 
Additional  photometric  methods  of  measurement  are  under  consider- 
ation and  it  is  hoped  that  the  magnitudes  of  the  standard  stars  which 
are  selected  in  each  region  will  be  determined  with  a  satisfactory 
precision  by  these  investigations. 

Comets.  —  The  observation  of  comets  has  been  continued  by  Mr. 
Wendell  with  the  object  of  furnishing  material  for  the  early  com- 
putation of  their  orbits  and  of  providing  means  for  subsequent  deter- 
minations of  greater  accuracy.  The  observations  therefore  are 
chiefly  confined  to  the  few  days  following  the  discovery  of  a  comet 
and  to  occasions  when  it  is  too  faint  to  be  observed  with  anv  but 
powerful  telescopes.  Comets  1HH4  I.,  II.,  and  III.  were  resi>ectively 
observed  on  (>,  C,  and  7  nights.  m 

Spertra  and  Color  of  Stars.  —  Two  separate  series  of  investigations 
with  regard  to  stellar  spectra  have  been  undertaken.  It  has  been 
proposed  to  examine  all  stars  known  to  have  banded  spectra  with  the 
object  of  approximately  determining  the  positions  of  the  bands  in 
each  upon  a  uniform  system.  This  would  afford  means  for  a  more 
definite  and  satisfactory  classification  of  these  spectra  than  at  present 
exists.  The  method  of  measurement  consists  in  comparing  the  spec- 
trum with  a  notched  bar  beside  which  it  is  placed  in  the  field  of  the 
telescope.  The  proper  position  of  the  spectrum  is  secured  by  a 
previous  reference  to  an  image  of  the  star  formed  by  light  allowed  to 
pass  beside  the  prism  which  forms  the  spectrum. 

For  the  acquisition  of  more  definite  knowledge  than  at  present 
exists  with  regard  to  the  color  of  stars,  it  has  also  been  proposed  to 
observe  all  stars  to  the  fourth  magnitude  inclusive,  and  north  of  the 
thirtieth  parallel  of  south  declination,  with  an  instrument  designed 
for  the  purpose.  The  spectrum  of  the  star  to  be  observed  is  properly 
placed  in  the  field  by  the  same  means  as  in  the  other  instrument  just 


described.  It  is  then  carried  by  its  diurnal  motion  behind  a  series  of 
narrow  bars  placed  at  light  angles  to  the  spectrum,  small  portious  of 
which  are  accordingly  visible  in  the  narrow  space*  between  the  bars. 
The  successive  extinction  of  these  i>ortions  of  the  spectrum  is  ob- 
served in  a  wedge  of  tinted  glass.  In  this  manner  the  relative  bright- 
ness of  definite  parts  of  different  s[>ectra  may  he  compared. 

The  diminished  resources  of  the  Observatory  will  probably  not 
permit  the  completion  of  these  observations  upon  the  original  plan. 
The  observations  relating  to  the  banded  spectra  must  be  somewhat 
restricted,  and  tlkosc  relating  to  the  color  of  the  stars  must  be  confined 
to  stars  of  the  first  three  magnitudes. 

Jievitn'on  of  DM.  MmjuitwlpH.  —  Hie  meridian  photometer  permits 
the  observation  of  stars  as  faint  as  the  magnitude  IU)  ami  even  some- 
what fainter.  Hut  for  the  observation  of  the  faintest  stars  in  the 
Durchmitstcrung  a  more  powerful  instrument  is  preferable.  The 
modified  wedge  photometer  used  with  the  East  Equatorial  in  the 
revision  of  the  /.one  observations  alreadv  mentioned  has  accordingly 
been  applied  to  the  oliscrvation  of  the  zone  between  4,Jof>0'  and  50°  0' 
north  of  the  equator.  This  zone  is  a  part  of  that  which  has  Wen 
observed  here  since  J 8 70  with  the  meridian  circle,  for  the  determina- 
tion of  the  positions  of  stars.  It  is  also  under  observation  with  the 
meridian  photometer,  which  will  accordingly  furnish  points  of  refer- 
ence for  the  observations  made  with  the  wedge  photometer  applied  to 
the  equatorial.  Each  star  lielonging  to  the  zone  and  ocenrring  in  the 
Durchmustcrung  is  twice  observed,  on  different  nights,  and  the  inter- 
val between  its  transit  over  a  bar  and  its  disappearance  in  the  wedge 
is  recorded.  This  work  can  be  carried  on  by  a  single  observer, 
although  some  time  is  saved  l^y  the  assistance  of  a  recorder  when  it 
can  be  had.  If  the  results  prove  satisfactory  a  more  extensive  revi- 
sion of  the  magnitudes  given  by  the  Durchmustcrung  will  be  under- 
taken in  the  same  way. 

Mkkidmx  Circle. 

The  observation  of  fundamental  stars  has  liceii  continued  through- 
out the  vear.  but  with  less  regularity  than  during  former  years  on 
account  of  the  interruption  caused  by  the  reobservation  of  scattering 
zone  stars  of  the  Durchmustcrung  list.  During  the  Autumn  Equinox 
of  1*8:5,  ti04  observations  of  fundamental  stars  were  made.  The  Sun 
was  observed  on  :J4  days,  and  Polaris  on  2(>  days.  During  the  Spring 
Equinox  of  1884  the  Sun  was  observed  on  X\  days,  Polaris  on  IM) 
days,  and  2151  observations  of  fundamental  stars  were  obtained.  At 
other  times  during  the  year  the  Sun  was  observed  40  times,  Polaris 
;V.)  times,  and  301  observations  of  fundamental  stars  were  made. 

At  the  completion  of  the  reduction  of  the  zone  stars,  observed  be- 


tween  1870  and  1879,  it  was  found  that  about  400  stars  required 
further  observation.  In  the  greater  number  of  cases  it  was  found 
that  the  wrong  star  had  been  observed  when  two  or  more  were  in  the 
same  field  of  the  telescope.  In  other  cases  it  was  considered  ad- 
visable to  settle  doubtftil  cases,  especially  with  regard  to  the  minute 
of  declination,  by  a  reobservation.  This  revision  of  the  zone  observa- 
tions was  begun  October  9,  1883,  and  was  completed  August  9,  1884. 
1403  observations  were  made  of  zone  stars,  and  671  corresponding 
fundamental  stars  were  observed  in  addition  to  the  observations 
enumerated  above.  It  will  be  seen  from  this  summary  that  the  total 
number  of  observations  made  with  the  meridian  circle  is  3528,  and 
does  not  materially  vary  from  the  number  in  former  years. 

The  investigation  of  the  errors  of  the  east  circle  has  occupied  a 
large  portion  of  the  time  since  July  of  the  present  year.  Eighteen 
determinations  of  the  stars  of  the  30°  divisions  of  the  circle  have 
been  made  with  very  satisfactory  results.  Two  independent  determi- 
nations of  the  15  divisions  have  also  been  made.  It  is  proposed  to 
continue  the  investigation  of  the  main  subdivisions  of  the  circle  at 
regular  intervals  throughout  the  coming  year.  This  work  will  for  the 
most  part  oc  upy  the  entire  time  of  I*rofessor  Rogers  for  several 
months,  and  will  take  the  place  of  the  ordinary  observations.  During 
the  year  considerable  progress  has  been  made  in  printing  Volume  XV. 
The  catalogue  of  all  the  primary  and  secondary  stars  observed  be- 
tween 1870  and  1879  for  the  epoch  1875.0,  together  with  the  mean 
values  of  the  coordinates  of  each  star  for  each  vear  of  observation,  is 
printed,  and  will  shortly  be  issued  in  advance  of  the  publication  of 
the  entire  volume.  The  reductions  of  the  zone  stars  observed  during 
the  past  year  are  about  one  half  completed. 

M  EKI  1)1  AN    1  *J  IOTOMETKK . 

During  the  past  year  141  series  of  observations  have  been  taken 
with  the  meridian  photometer  by  Mr.  Wendell  and  myself.  The 
total  number  of  separate  settings  is  about  27,500,  an  increase  of  more 
than  a  third  over  the  previous  year.  The  accordance  of  the  results 
also  shows  a  decided  improvement  in  the  accuracy  of  the  measures. 
The  average  deviation  of  the  separate  measures  of  the  one  hundred 
circumpolar  stars  to  which  all  the  others  are  referred,  amounted  to 
al>out  .18  of  a  magnitude  with  the  first  meridian  photometer.  The 
new  instrument  gives  .15,  .12  and  .11  for  the  same  quantity  in  the 
three  vears  in  which  it  has  been  employed.  Since  the  value  of  the 
observations  is  proportional  to  the  squares  of  these  quantities,  it  ap- 
pears that  one  of  our  present  observations  is  nearly  equal  to  three 
with  the  smaller  instrument  employed  in  the  observations  which  have 
been  published  in  Volume  XIV. 
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The  principal  investigation  now  carried  on  with  the  meridian  pho- 
tometer consists  in  the  measurement  of  stars  the  magnitude  of  which 
has  been  estimated  at  each  of  two  observations  during  the  recent- 
revision  of  the  Dnrehrnusterung.  The  number  of  such  stars  is  about 
eight  thousand.  Jtesides  the  two  estimates  just  mentioned,  two  other* 
were  made  in  the  original  formation  of  the  Durchmusterung,  and 
additional  estimates  for  many  of  the  stars  also  oeenr  in  other  cata- 
logues. The  results  obtained  by  the  meridian  photometer  will  there- 
fore have  a  wide  application  in  the  determination  of  scales  of  magni- 
tude. In  connection  with  the  photometric  observations,  estimates  of 
magnitude  are  made  by  the  ol  (servers. 

Another  class  of  stars  observed  with  the  meridian  photometer  com- 
prises a  part  of  those  already  measured  with  the  smaller  instrument 
of  the  same  kind  employed  here  during  the  years  1879  to  1883.  The 
stars  selected  for  remcasurement  are  those  for  which  the  magnitude 
resulting  from  any  single  observation  differed  more  than  0.5  from  the 
mean  of  the  other  results.  All  stars  belonging  to  Flamsteed'a  British 
Catalogue,  and  not  already  measured  with  the  first  meridian  photo- 
meter, are  likewise  observed  with  the  new  intrument.  These  observa- 
tions will  serve  to  complete  the  reduction  of  the  comparisons  made  by 
Sir  William  Herschcl.  Other  observations  made  with  the  meridian 
photometer  relate  to  asteroids,  to  known  and  suspected  variables,  to 
stars  with  peculiar  »i>eetra,  and  to  objects  having  any  special  charac- 
ters which  mav  make  it  a  matter  of  iu  to  rest  that  their  light  should 
be  measured. 

Miscellaneous. 

Almucunfar,  —  It  was  mentioned  in  the  last  report  that  a  small 
instrument  bearing  this  name  and  devised  by  Mr.  Chandler  had  been 
employed  by  him  with  very  satisfactory  results  in  the  observation  of 
transits  over  given  parallels  of  altitude.  lie  accordingly  decided  upon 
the  construction  of  an  instrument  of  the  same  kind  and  sufficiently 
huge  for  the  execution  of  researches  similar  in  importance  awl  deli- 
cacy to  those  usually  undertaken  with  the  lx*st  meridian  instruments. 
The  teleseo[>c  of  this  large  alniucaritar  is  4  inches  in  aperture  and 
43.8  inches  iu  focal  length.  The  frame  to  which  it  i»  attached  floats 
in  a  shallow  trough  of  mercury,  as  in  the  previous  instrument,  and 
the  entire  apparatus  revolves  upon  a  vertical  axis.  Various  difficul- 
ties which  occurred  in  its  construction  were  removed  by  the  ingenuity 
of  the  inventor,  and  it  was  mounted  during  April,  1884.  After  about 
a  month  of  experimental  observations  it  was  applied  to  the  determina- 
tion of  the  corrections  required  by  the  right  ascensions  of  certain  fun- 
damental stars  near  the  pole,  and  the  declinations  of  others  near  the 
equator.     It  is  hoped  that  the  results  of  this  investigation  will  estaln 
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lish  the  value  of  the  new  principles  of  construction  and  of  observation 
employed  in  the  undertaking.  I'p  to  November  1,  about  700  observa- 
tions of  100  stars  had  been  made.  Many  additional  observations 
have  been  made  for  other  purposes  ;  in  particular,  the  determinations 
of  clock  error  required  by  the  time  service  of  the  Observatory  have 
been  frequently  made  by  the  almucantar. 

The  results  thus  far  secured  seem  to  justify  the  expectations  enter- 
tained of  the  capacity  of  the  almucantar  to  determine  with  exactness 
the  relative  positions  of  stars  widely  separated  from  each  other.  It 
will  be  useful,  accordingly,  not  only  in  observations  of  time  and  lati- 
tude but  also  in  various  higher  and  more  delicate  problems  of  practical 
astronomy,  for  the  solution  of  which  it  furnishes  a  new  method. 

The  probable  error  of  a  single  observation  of  zenith  distance  is 
in  general  ±0."37,  and  of  a  single  observation  of  right  ascension 
zt  O."025.  Certain  minor  improvements  in  the  apparatus,  now  under 
consideration,  are  expected  to  afford  a  still  further  increase  in  accuracy. 

The  latitude  of  the  dome  of  the  Observatory  given  by  three  nights' 
work  with  the  new  almucantar  is  42°  22'  47.'T>«  =b  0."09,  which  closely 
agrees  with  the  value  42°  22'  4 7. "03  found  last  year  by  the  small 
almucantar. 

The  character  of  (he  various  results  given  above  encourages  the 
hoi>e  that  the  use  of  the  almucantar  may  become  a  permanent  part  of 
the  work  done  at  this  Observatory.  Should  the  results  prove  no  more 
accordant  than  those  of  other  instruments,  the  fact  that  they  are  ob- 
tained by  an  entirely  independent  method  would  free  them  from  many 
of  the  errors  which  are  commonly  repeated  in  meridian  observations. 

Variable  Stars.  — The  observation  of  telescopic  variables  was  con- 
tinued by  Mr.  Chandler  upon  the  same  system  as  before  until  May, 
since  which  time  lie  has  been  chiefly  occupied  with  the  almucantar. 
He  obtained  12  40  observations  of  the  light  of  variable  stars  between 
November  1  and  June  30.  He  also  made  1)52  observations  of  the  color 
of  108  variable  stars.  The  color  was  generally  estimated  upon  an 
arbitrary  scale,  but  many  determinations  were  also  made  by  the  esti- 
mation of  magnitudes  with  and  without  the  use  of  a  blue  shade  glass. 
The  results  of  this  work  seem  to  establish  the  law  that  the  redness  of 
variable  stars  increases  with  the  length  of  their  periods. 

Three  observers  of  variable  stars  have  acted  in  cooperation  with 
this  Observatory  during  the  past  year:  Mr.  II.  M.  Parkhurst,  of  New 
York,  Rev.  J.  Hagen,  S.  J.,  of  Prairie  dii  Chieu,  Wisconsin,  and 
Mr.  J.  II.  Kadie,  of  Bayoune,  N.  J.  Mr.  Parkhurst,  in  addition  to 
estimates  of  relative  brightness,  has  made  many  photometric  observa- 
tions with  apparatus  devised  by  himself,  lie  has  recently  undertaken 
the  observation  of  the  comparison  stars  employed  for  several  variables 
by  previous  observers.     Father  Hagen,  assisted  by  Messrs.  Zwack 
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and  Zaiscr,  besides  observing  many  known  variables,  has  examined 
a  number  of  bright  stars  suspected  of  variability.  Mr.  Eadie  is  act- 
ing in  special  cooperation  with  Mr.  Parkhurst,  in  such  a  manner  as 
to  obtain  the  best  results  without  needless  repetition  of  work.  The 
labors  of  all  these  gentlemen  have  secured  a  large  amount  of  valuable 
knowledge. 

Under  the  title  "Recent  Observations  of  Variable  Stars"  (Proc. 
Amer.  Acad.  XIX.  2110)  information  was  brought  together  for  the 
guidance  of  observers  in  that  branch  of  astronomy  with  regard  to 
the  selection  of  objects  for  observation.  The  pamphlet  contains  a 
list  of  variable  stars,  with  indications  of  the  work  recently  done  in 
observing  them,  so  that  the  relative  importance  of  further  observa- 
tions of  any  object  in  the  list  may  be  apparent.  The  publication 
will  be  continued  annually  if  it  appears  to  meet  a  want  among  astrono- 
mers, and  if  they  comply  with  the  request  expressed  in  the  pamphlet 
to  forward  to  the  Observatory  such  notices  of  their  observations  of 
variable  stars  as  may  serve  to  render  the  list  more  complete. 

Time  Sh/ncila.  —  The  new  standard  lime  referred  to  in  niv  last 
report  was  introduced  in  November,  18M3.  At  Greenwich  midnight 
on  the  seventeenth  of  that  month  the  signals  according  to  the  me- 
ridian of  the  Boston  State  House  were  discontinued ;  at  the  next 
Greenwich  noon  signals  over  our  lines  were  sent  conforming  to  the 
minute  and  second  of  Greenwich  mean  time ;  and  at  mean  noon  on 
the  seventy-fifth  meridian  on  Sunday  the  eighteenth,  the  Boston  time- 
ball  was  dropped  according  to  Eastern  time,  live  hours  slow  of  Green- 
wich mean  time. 

The  oflice  of  the  17.  S.  Signal  Service  having  been  moved  on 
October  1,  1HH4,  from  the  Equitable  building  to  the  Boston  Post- 
Office  and  Sub-Treasury  building,  the  time-ball  has  been  dropped 
since  that  date  by  an  officer  detailed  hy  the  Police  Commissioners. 
A  new  ball,  however,  is  to  be  erected  on  the  Post  Office  building  to 
he  dropped  by  the  Signal  Oflice.  The*  public  has  been  much  indebted 
to  the  management  of  the  Equitable  Life  Assurance  Company  for  ac- 
commodating the  ball  upon  the  roof  of  their  building  and  for  furnish- 
ing and  maintaining  the  apparatus  used  there. 

Several  companies  having  recently  begun  operations  for  distributing 
time  by  electric  clocks  and  by  striking  the  hour  and  minute  to  the 
listener  at  a  telephone,  our  time  has  been  furnished  them  during  their 
experimental  steps  either  gratuitously  or  for  a  small  com|>cnsatiou. 
The  Observatory  however  has  not  been  responsible  for  ascertaining 
that  the  companies  have  furnished  their  patrons  with  tim«  conforming 
to  the  standard.  Negotiations  are  ]>ending  for  a  more  intimate  con- 
nection of  one  or  more  of  these  enterprises  with  us.  The  Western 
I'nion  Telegraph  Co.  have  received  our  signals  aud  have  been  per- 
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milted  to  transmit  them  automatically  to  others.  The  following  list 
comprises  those  who  receive  our  time  for  regulating  their  tinift-pieces 
and  similar  purposes,  but  who  are  not  authorized  to  directly  transmit 
or  automatically  repeat  the  signals  to  others:  American  Watch  Co., 
C.  W.  Beals,  Bigelow,  Kennard  &  Co.,  \Vm.  Bond  &  Son,  Boston 
Electric  Time  Co.,  C.  A.  W.  Crosby,  Equitable  Life  Assurance  Co., 
E.  Howard  &  Co.,  Kattelle  Bros.,  J.  V.  Kettell  &  Co.,  Geo.  II. 
Morrill  &  Co.,  Jas.  Muuroc  &  Son,  N.  E.  Telegraph  and  Telephone 
Co.,  G.  H.  Richards,  Jr.,  R.  I.  Electric  Co.,  Shreve,  Crump  &  Low, 
Alvah  Skinner  &  Son,  Ira  P.  Stere  &  Co.,  U.  S.  Signal  Service  Office. 
The  large  subscribers,  on  whom  depends  the  existence  of  the  time 
service  as  now  conducted,  are  the  city  of  Boston  and  all  the  steam 
railroads  having  stations  in  Boston,  except  the  Boston  &  Lowell 
R.  R.  and  the  Revere  Beach  R.  R. 

Telegraphic  Announcements.  —  This  department  of  the  work  of  the 
Observator}-  is  conducted  by  Mr.  Ritchie,  upon  the  enlarged  system 
mentioned  in  the  last  report.  During  the  year  announcements  have 
#  been  sent  to  thirty  institutions  or  individuals  in  this  country.  The 
total  number  of  messages  is  246,  of  which  107  related  to  asteroids, 
111)  to  comets,  and  20  to  the  elements  of  cometary  orbits.  The  num- 
ber of  asteroids  discovered  was  nine,  but  with  regard  to  one  of  these 
discoveries  no  telegraphic  information  was  received  from  Europe. 
The  number  of  comets  discovered  was  four.  All  the  notices  were 
distributed  bv  means  of  the  Associated  Press  and  the  local  news- 
papers,  as  well  as  b}*  telegraph.  The  "  Science  Observer  "  also  issued 
thirteen  special  circulars  relating  to  the  various  announcements. 

Pl'BLICATIONS. 

The  chief  publication  of  the  Observatory  during  the  past  year  has 
been  Volume  XIV.,  Part  I.  of  its  Annals.  This  gives  the  principal 
results  of  the  work  done  with  the  first  meridian  photometer.  It  in- 
cludes a  catalogue  of  4,2GO  stars  with  their  magnitudes  as  determined 
by  the  photometer  and  according  to  the  estimates  or  measures  of 
seventeen  other  authorities.  As  uniformity  in  reference  to  catalogues 
is  always  desirable,  it  has  been  suggested  in  the  volume  that  this  cata- 
logue should  be  known  as  the  kl  Harvard  Photometry"  and  designated 
by  the  abbreviation  H.  P.  Since  it  contains  the  approximate  places 
for  1880  of  all  stars  visible  to  the  unaided  eye  in  this  latitude,  as  well 
as  their  magnitudes,  its  principal  columns  have  been  separately  re- 
printed and  offered  for  sale  at  the  cost  of  publication,  under  the  title 
of  Harvard  Photometry.  The  stereotype  plates  of  this  portion  of  the 
catalogue  will  be  preserved,  so  that  additional  copies  may  be  printed 
at  anv  time  when  they  mav  be  needed. 
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The  second  part  of  Volume  XIV.  is  now  in  course  of  publication. 
It  contains  the  discussion  of  many  special  topics  connected  with  the 
photometric  observations  recorded  in  the  first  part  of  the  volume,  and 
with  the  corresponding  estimates  or  measures  of  other  observers  since 
the  time  of  Ptolemy. 

The  publications  named  below  have  appeared  since  the  similar  list 
in  the  last  report  was  drawn  up,  either  as  official  communications 
from  the  Observatory  or  as  papers  prepared  by  its  officers  indi- 
vidually :  — 

Thirty-eighth  Annual  Report  of  the  Astronomical  Observatory  of  Harvard 
College. 

On  the  Possible  Connection  of  the  Comet  Pons-Brooks  with  a  Meteor- 
stream.     By  S.  C.  Chandler,  Jr.  ^Astronomische  Naehriehten,  cvii.  27S. 

Observations  and  Ephemeris  of  U  Ophiuchi.  By  S.  C.  Chandler,  Jr. 
Id.  cviii.  55. 

Observations  of  Meteors,  1883,  December  6.  Bv  O.  C.  Wendell.  Id. 
cviii.  433. 

Elements  and  Ephemeris  of  Comet  1884  II.  By  S.  C.  Chandler,  Jr.  Id. 
eix.  223. 

On  a  Convenient  Formula  for  Differential  Refraction  in  Ring-mieronieter 
Observations.    By  S.  C.  Chandler,  Jr.     Id.  ex.  177. 

On  Gegensehein  and  other  Zodiacal  Phenomena.  By  Arthur  Searle.  Id. 
eix.  257. 

The  Zodiacal  Light.  By  Arthur  Searle.  Proc.  Am.  Acad,  of  Arts  and 
Sciences,  xix.  146. 

Researches  upon  the  Photography  of  Planetary  aud  Stellar  Spectra.  Bv 
the  late  Henry  Draper.  Results  of  Measurements  by  E.  C.  Pickering.  I<f. 
xix.  231. 

Sir  William  Ilerschel's  Observations  of  Variable  Stars.  By  Edward  C. 
IMckering.    Id.  xix.  269.    The  Observatory,  vii.  256. 

Recent  Observations  of  Variable  Stars.  By  Edward  C.  Pickering.  Proc. 
Am.  Acad,  of  Arts  and  Sciences,  xix.  296. 

The  Phases  of  the  Moon.     By  Arthur  Searle.     Id.  xix.  310. 

Report  of  the  Committee  on  Standard  Time  (Wolcott  Oibbs,  Francis  A. 
Walker,  and  J.  Rayner  Edmands).     Id.  xix.  473. 

Photometric  Observations  of  Neptune  at  the  Harvard  College  Observa- 
tory.    By  Edward  C.  Pickering.     The  Observatory,  vii.  134. 

Light  of  Comparison  Stars  for  Vesta.  By  Edward  C.  Pickering.  Am. 
Journal  of  Science,  exxviii.  17. 

Second  Report  of  the  Committee  on  Standards  of  Stellar  Magnitude*. 
Edward  C.  IVkering,  Chairman.  Proc.  Ani.  Assoc,  for  the  Advancement 
of  Science,  1883,  p.  I. 

On  the  Regraduation  of  the  Harvard  College  Meridian  Circle  in  rift*. 
By  William  A.  Rogers.     Sidereal  Messenger  for  December,  1884. 

On  a  Practical  Solution  of  the  Perfect  Screw  l'rohlem.  By  William  A. 
Rogers.  Transactions  of  the  American  Society  of  Mechanical  Engineers. 
Vol.  V. 

On  some  Suspected  Variable  Stars.  By  S.  C.  Chandler,  Jr.  Science 
Observer,  IV.  60. 

Elements  and  Ephemeris  of  Comet  1884  II .  (Barnard).  By  S.  C.  Chand- 
ler, Jr.     Science  Observer,  IV.  80. 

EDWARD  C.  PICKERING,  Director. 


From  Volume  VII.  Transactions. 
[Read  at  the  Boston  Meeting  of  the  Amer.  Soc.  of  Mechanical  Engineers.] 


CXCIII. 

THE  MICROSCOPE  IN  THE  WORKSHOP. 

BY  WM.  A.  ROGERS,  CAMBRIDGE,  MABB. 

It  is  a  sound  principle  of  mechanical  construction  that  a  second- 
ary tool  should  never  be  used  when  the  work  can  be  as  well  done 
by  a  primary  tool.  If  the  capacity  and  the  efficiency  of  the  primary 
tool  can  be  increased  so  as  to  meet  every  requirement,  it  is  better 
to  dispense  with  the  secondary  tool  altogether. 

In  the  ordinary  operations  of  the  workshop,  the  lathe  and  the 
planer  are  the  primary  tools,  while  the  calliper,  with  the  graduated 
scale,  is  the  secondary  tool.  Let  us  take  the  most  simple  case.  It 
is  required  to  turn  down  a  piece  of  metal  to  a  given  diameter. 
In  order  to  make  the  assumed  case  as  simple  as  possible,  we  will 
assume  the  required  diameter  to  be  an  even  inch.  The  calliper  is 
set  for  this  unit  of  length,  either  from  a  graduated  scale  or,  more 
accurately,  from  an  end-measure  inch  with  parallel  faces.  The 
setting  in  the  latter  case  is  done  by  the  sense  of  feeling.  We  thus 
introduce  an  additional  element  of  complexity,  since  sight  is  at 
once  the  primary  sense  and  the  ultimate  test  of  a  given  limit  of 
extension  upon  which  the  workman  must  rely.  When  the  market 
is  supplied  with  graduated  scales  from  which  any  required  length 
may  be  taken  by  the  sense  of  feeling,  it  will  be  in  order  to  defend 
the  practice  of  relying  upon  this  sense  as  a  final  test  in  measure- 
ments of  extension.  As  a  differential  test,  it  is  both  useful  and 
accurate.  As  an  absolute  test  it  had  better  be  abandoned.  It  is  a 
make-shift  at  best. 

Assuming  that  the  calliper  has  been  set  to  an  exact  inch,  the 
workman  turns  the  piece  of  metal  to  the  required  size  by  a  series 
of  approximations,  with  the  ever-present  risk  of  going  beyond  the 
required  limit.  During  the  final  part  of  the  operation  he  stops 
the  lathe  to  test  the  diameter  with  his  calliper.  He  then  takes 
another  chip,  stops,  tries,  starts,  stops,  tries  until  the  subtle  and 
ever-varying  sense  of  feeling  satisfies  him  that  he  has  obtained  the 
correct  diameter.     But  after  all,  the  uncertainty  in  the  setting  of 
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the  calliper  remains,  and  tins  uncertainty  is  generally  greater  than 
that  which  would  be  found  to  exist  in  the  comparative  trials  of 
the  diameter.  If  now  we  increase  the  required  unit,  and  especially 
if  fractional  increments  are  added,  the  problem  of  transferring  a 
required  length  from  a  scale  to  a  calliper  becomes  a  most  serious 
one. 

Every  machinist  must  admit  that  there  would  be  a  great  gain 
both  in  time  and  in  accuracy  if  he  could  be  sure  of  knowing  the 
exact  amount  of  work  done  at  any  instant,  if  he  could  see  and 
measure  the  varying  diameter  of  his  cylinder,  and  at  the  same 
time  control  the  amount  of  work  to  be  done  by  the  manipulation 
of  his  lathe,  stopping  at  the  exact  instant  when  the  required 
diameter  has  been  obtained — if  he  could  turn  two  shoulders  upon  a 
cylindrical  shaft  to  any  required  length  in  one  operation,  stopping 
the  last  chip  at  the  instant  the  correct  length  has  been  obtained — 
if  he  could  turn  a  shaft  to  a  required  taper,  and  be  6ure  that  the 
correct  angle  of  inclination  has  been  maintained  during  every  part 
of  the  operation — if  he  could — but  I  forbear  further  enumeration, 
lest  the  enthusiasm  of  inexperience  may  lead  yon  to  overlook  the 
gravit\r  of  the  demand  for  a  radical  change  in  our  present  methods 
not  only  of  obtaining,  but  of  applying  measurements  of  length; 
a  demand  made  in  the  interest  of  accuracy,  uniformity  and 
economy. 

It  is  quite  worth  our  while,  therefore,  to  discuss  the  question 
whether  the  microscope  considered  as  an  attachment  to  the  lathe 
and  to  the  planer  will  not  enable  us  to  dispense  with  that  secondary 
tool,  the  calliper,  in  a  majority  of  cases,  and  at  the  same  time  in- 
crease the  precision  and  the  economy  of  mechanical  construction. 

The  microscope  has  been  generally  accounted  a  delicate  instru- 
ment, especially  adapted  to  the  minute  study  of  delicate  organisms 
and  to  the  measurement  of  minute  dimensions.  By  common  con- 
sent it  has  been  relegated  to  the  laboratory  of  the  investigator 
and  has  been  considered  quite  unsuited  to  the  every-day  opera- 
tions of  a  machine  shop.  One  reason  for  this  view  formerly  had 
great  force.  Until  the  invention  of  the  opaque  illuminator,  by  the 
late  Robert  B.  Tolles — a  single  prism  inserted  between  the  two 
front  lenses  of  an  objective — the  illumination  of  objects  in  the 
field  of  the  microscope  was  for  the  most  part  obtained  by  transmitted 
light,  thus  requiring  a  transparent  substance.  A  previous  inven- 
tion by  Professor  Hamilton  L.  Smith,  of  Geneva,  N.  Y.,  and  since 
patented  under  a  slightly  different  form  by  Beck,  of  London,  gives 
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equally  good  results,  but  the  care  and  the  time  required  in  adjust- 
ment and  the  difficulty  in  manipulation  would  prevent  its  U6e  in 
the  workshop.  With  Tolles'  illuminator,  however,  it  is  easy  to  ob- 
tain at  once  a  perfect  illumination  of  a  metal  surface  under  almost 
any  given  conditions.  It  is  only  required  that  one  face  of  the 
prism  shall  be  presented  toward  the  source  of  light,  whether  it  be 
an  artificial  flame  or  the  open  sky. 

It  has  been  assumed  also  that  a  machine  to  which  a  microscope 
is  attached  must  be  most  firmly  mounted  upon  solid  piers  insulated 
from  the  building  and  in  a  room  in  which  a  steady  tempera- 
ture can  be  maintained.  This  is  by  no  means  necessary  in  ordi- 
nary workshop  practice.  The  difficulty  with  regard  to  solidity  of 
foundation  can  bo  practically  overcome  by  adding  mass  to  the  ma- 
chine, and  the  question  of  temperature  will  be  taken  care  of  by 
having  separate  standards  of  length  of  the  different  metals  in  or- 
dinary use. 

Only  one  other  objection  remains  to  bo  overcome.  It  is  the 
common  impression  that  the  delicate  adjustments  of  the  micro- 
scope which  are  continually  demanded — especially  the  adjustment 
for  focus — can  only  be  made  by  the  most  delicate  and  sensitive 
means.  No  impression  could  be  more  erroneous.  Give  me  a  small 
lead  hammer  and  I  will  set  the  stop  of  my  comparator  to  a  given 
line  in  half  of  the  time  and  with  greater  precision  than  it  can  be 
set  by  means  of  a  screw  movement.  Give  me  a  vertical  movement 
by  means  of  an  excentric  disc  and  a  long  lever-arm,  and  I  will 
bring  the  surface  of  a  plate  weighing  100  pounds  into  the  focus  of 
the  objective  quite  as  quickly  and  quite  as  accurately  as  a  similar 
adjustment  could  be  made  in  the  hands  of  a  professional  micro- 
scopist. 

Having  thus  cleared  away  some  of  the  objections  which  would 
bo  very  property  made  a  priori  against  the  proposal  to"  use  the  mi- 
croscope as  an  essential  part  of  the  lathe  and  of  the  planer,  it  will 
now  be  in  order  to  point  out  6ome  of  the  ways  in  which  it  can  be 
most  effectively  used  in  the  interest  of  accuracy  and  of  economy. 

I  shall,  in  this  paper,  limit  the  illustrations  of  the  applications  of 
the  microscope,  to  four  operations  in  lathe  work,  viz.: 

(a)  Turning  shoulders  upon  a  shaft  to  a  required  length. 

(A)  Turning  a  face  plate  to  a  required  diameter. 

(c)  Turning  a  shaft  to  a  required  diameter. 

(rf)  Turning  a  shaft  to  a  required  taper. 

In  Fig.  67,  f1  represents  a  microscope  which  is  attached  to  the 
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carriage  of  the  lathe.  The  microscope  J\  also  attached  to  the  carriage, 
is  adjusted  over  a  Bcale  g,  which  rests  upon  a  plate  k.  Thin  plate 
is  attached  to  the  lathe  bed.  It  has  a  fulcrum  at  A1,  and  an  adjust- 
able movement  in  elevation  by  means  of  a  screw  A*.  Two  or  more 
flexure  screws  secure  a  parallelism  of  the  upper  surface  of  the  plate 
at  every  point  with  the  horizontal  plane  described  by  the  carriage. 

The  shoulder  next  to  the  head  stock"  is  supposed'  to  be  already 
turned.  The  micrometer  line  of  microscope  fi  is  then  set  upon 
the  limiting  edge  and  the  zero  of  the  graduations  upon  the  bar  g 
is  brought  into  coincidence  with  the  micrometer  line  of  micro- 
scope f. 

It  is  obvious  that  if  the  relative  positions  of  th©  two  microscopes 
remain   unchanged,  the  distance   measured  on    the   scale   by  the 


movement  of  the  carriage  will  be  indicated  upon  the  shaft  by 
microscope^1.  It  will  be  seen  that  by  the  use  of  two  microscopes, 
the  necessity  of  adjusting  the  cutting  tool  with  respect  to  the  fixed 
points  of  reference  is  entirely  obviated.  The  position  of  the  tool 
bears  no  relation  whatever  to  the  dimensions  sought.  When  the 
first  chip  is  taken — a  little  outside  of  the  required  limit — the  amount 
by  which  the  carriage  must  be  moved  will  be  indicated  by  the 
micrometer  line  of  microscope,/"1.  It  is  to  be  noted,  however,  that 
the  tool  will  do  its  work  for  one-quarter  of  a  revolution  before  the 
amount  of  work  done  is  indicated  by  the  microscope,  but  the  proper 
allowance  can  be  quickly  made  by  means  of  a  graduated  reals  in 
the  eye-piece  of  the  micrometer  of  microscope  fl. 

In  order  to  turn  a  faceplate  to  a  required  diameter,  adjust  verti- 
cally the  micrometer  line  of  microscope  i  over  the  point  of  tho  face  ' 
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plate  which  is  stationary  during  its  revolution.  Adjust  microscope 
i*  upon  the  zero  of  the  transverse  scale.  The  required  diameter 
will  then  be  indicated  bv  the  movement  of  i*  over  the  scale  and 
the  indicated  limit  of  the  circumference  through  microscope  i. 

In  order  to  turn  a  shaft  to  a  given  diameter,  it  is  necessary  to 
set  the  micrometer  line  of  microscope  ^*  in  the  lino  between  the 
centers  of  the  lathe.  Since  it  is  not  possible  to  do  this  directly,  we 
introduce  an  auxiliary  measuring  gauge  k  /c1,  Fig.  68,  which  will 
also  be  found  to  be  of  great  service  in  testing  the  various  adjust* 
ments  of  the  lathe.  Jc  is  a  cylindrical  shaft,  ground  to  a  true  cyl- 
inder, e.  </.,  in  a  Brown  &  Sharpe  grinding  machine,  while  supported 
at  its  centers.  AJ  is  a  ring  which  slides  freely  upon  the  shaft  and 
is  capable  of  being  firmly  secured  to  Jc  by  projecting  flanges  (not 
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shown  in  the  figures).  This  ring  is  also  ground  to  a  true  cylinder 
and  has  a  known  diameter,  i.  g.}  of  3  inches. 

When  this  shaft  is  placed  between  the  centers  of  a  lathe  and  it1 
is  set  near  the  tail-stock,  the  projecting  arm  of  a  sliding  arm  m,  Fig. 
68,  is  brought  into  contact  with  the  outside  surface  of  A1,  and  the 
micrometer  line  of  microscope  m2  =  i2  is  set  upon  the  zero  of  the 
scale  upon  the  upper  surface  of  the  arm  m.  The  shaft  is  now  re- 
moved and  the  carriage  is  moved  inwards  through  the  space  of  3 
jnches,  as  indicated  by  the  scale.  The  micrometer  line  of  the  mi- 
croscope will  now  be  coincident  with  the  line  between  the  centers 
of  the  lathe,  if  the  proper  adjustment  of  the  tail-stock  has  been  made. 

It  is  not  probable  that  this  adjustment  would  need  to  be  tested 
very  often,  if  the  microscope  is  firmly  attached  to  the  carriage. 

If  the  point  of  the  cutting  tool  is  brought  into  adjustment  under 
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the  micrometer  line  of  the  microscope,  the  required  diameter  can 
be  read  off  directly  from  the  scale.  Since,  however,  the  wear  of 
the  cutting  tool  would  probably  be  appreciable,  this  direct  method 
of  measurement  would  not  probably  be  as  satisfactory  as  the  more 
indirect  method  of  employing  the  additional  microscope/*1  in  con- 
nection with  an  auxiliary  calliper  scale. 

For  any  diameter  up  to  about  one  inch  with  a  1-inch  objective, 
we  may  proceed  as  follows.  When  the  contact  of  the  arm  with 
the  surface  of  the  ring  L1  is  made,  set  the  micrometer  line  of  mi- 
croscope/"1 tangent  to  the  ring  on  the  same  side.  Then,  for  any 
radius  of  the  shaft  to  be  turned,  less  than  the  working  distance  of 
the  microscope,  we  shall  have,  after  an  inward  movement  of  3 
inches,  the  micrometers  of  both  microscopes  coincident  with  the 
line  between  the  centers  of  the  lathe— one  set  upon  the  scale  and 
the  other  over  the  shaft.  The  required  diameter  will  then  be  ob- 
tained when  the  micrometer  line  of  the  microscope  ^*  reaches  the 
required  point  on  the  scale  and  the  micrometer  line  of/*1  is  tangent 
to  the  circumference  of  the  shaft. 

With  a  slight  vertical  movement  at  right  angles  to  the  plane  of 
the  ways,  microscope  i  might  advantageously  take  the  place  of 
microscope  fl.  It  would  be  necessary  to  raise  the  microscope  in 
passing  the  center  of  the  lathe,  but  since  it  would  fall  back  upon 
the  same  seat,  there  would  be  little  danger  of  disturbing  the  rela- 
tive positions  of  the  two  microscopes  by  this  movement. 

In  order  to  set  the  tail-stock  for  turning  any  required  taper, 
6et  the  ring  at  the  end  of  the  6haft  adjacent  to  the  head-stock  and 
6et  the  microscopes  as  described  above.  First  set  the  ring  at  the 
point  where  the  largest  diameter  is  required,  and  then  adjust  the 
tail-stock  in  the  usual  way,  so  that  the  reading  on  the  transverse 
6cale  shall  indicate  the  lesser  diameter. 

It  is  obvious  that  two  microscopes  attached  to  the  tool  carriage 
of  a  planer,  in  connection  with  longitudinal  and  transverse  scales, 
may  be  made  to  serve  the  same  purpose  as  in  the  lathe.  The  mi- 
croscope may  be  made  especially  useful  in  leveling  up  the  bed  of 
a  planer.  Place  beside  the  lathe  a  shallow  dish  of  mercury  extend- 
ing its  entire  length  with  means  of  adjustment  similar  to  plate  hy 
Fig.  67.  Attach  a  microscope  first  to  one  end  and  then  to  the  other 
end  of  the  planer,  and  make  the  adjustment  for  level  such  that  the 
surface  of  the  mercury  is  sharply  in  focus  under  the  microscope  in 
the  two  positions.  The  bed-plate  can  then  be  blocked  up  at  tho 
intermediate  points  until  every  point  is  in  focus. 
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With  regard  to  the  expense  of  fitting  up  a  lathe  with  the  micro- 
scopic attachments  indicated  above,  it  may  be  estimated  at  about 
$125,  exclusive  of  the  cost  of  the  graduated  scales.  Only  two  objec- 
tives would  be  needed,  at  a  cost  of  $20  each. 

If  it  is  urged  that  this  direct  process  of  applying  dimensions  in 
mechanical  construction  is  not  practical,  or  not  well  adapted  to  ordi- 
nary machine-shop  practice,  if  it  is  insisted  that  the  calliper  must 
be  used,  I  shall  still  maintain  that  a  reform  is  needed  in  the  method 
of  setting  the  calliper  for  a  required  measure  of  length,  and  that 
there  is  a  better  way  than  that  ordinarily  followed.  It  is  eimply 
impossible  to  set  a  calliper  with  any  degree  of  precision  from  a 


line  scale.  End-measure  gauges  are  expensive  and  they  require 
the  most  careful  manipulation.  Moreover,  as  ordinarily  made, 
they  can  only  be  used  for  aliqnot  parts  of  a  given  unit.  They  are 
useless  except  for  a  few  special  lengths,  and  the  extreme  length 
seldom  exceeds  6  inches. 

There  are  four  requirements  which  ought  to  be  met  absolutely 
in  any  proposed  system  of  obtaining  and  transferring  measures 
of  length. 

First. — All  measures  of  length  must  be  referred  to  one  line- 
measure  standard.  This  standard  should  be  at  least  one  yard  in 
length,  and  the  subdivisions  should  be  such  that  any  required  length 
lan  be  taken  from  it  directly  to  y^  inch.     Subdivisions  less  than 
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this  limit  can  be  better  obtained  with  the  Hid  of  an  eye-piece  mi- 
crometer in  the  microscope.  The  yard  should  bo  standard  at  62.0° 
Fahr.,  and  the  subdivisions  should  be  so  exact  that  there  would  be 
no  necessity  of  applying  corrections. 


Second. — The  calliper  gauge  from  which  measures  arc  to  be  tafcen 
for  use  in  the  machine-shop  must  be  universal  in  its  action.  It 
must  bo  capable  of  being  set  to  correspond  to  any  required  length, 
aliquot  or  fractional,  as  indicated  upon  the  line  standard. 

Third. — It  must  be  so  simple  in  form,  so  direct  and  bo  ntreia 
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its  action,  that  the  amount  of  time  required  in  its  manipulation 
shall  be  less  than  that  required  in  the  present  practice  of  obtaining 
measures  of  length. 

Fourth. — The  cost  of  construction  must  bo  such  that  any  shop 
of  moderate  capacity  can  afford  the  outlay. 

It  is  the  experience  of  the  writer  that  these  conditions  are  ful- 
filled in  the  universal  microscopic  calliper  shown  in  the  Figures  62, 
63  and  64.  This  machine  has  been  in  constant  use  in  the  compar- 
ing room  at  Harvard  College  Observatory  for  nearly  a  year,  and 
while  it  has  less  conveniences  than  the  larger  universal  comparator, 
it  has  been  found  to  bo  capable  of  doing  quite  as  accurate  work. 
Its  first  cost,  not  including  the  calliper  attachment,  but  including 
cost  of  patterns,  was  $820. 

The  main  features  of  this  apparatus  and  the  method  of  operation 
will  be  seen  from  the  following  outline  references.  In  Fig.  62, 
the  microscope  slide  £*,  which  is  closely  fitted  to  the  projecting  side 
bearings  a4  and  a5  and  to  similar  elevated  bearings  beneath,  is 
carried  the  entire  length  of  the  bed  by  the  rack/**  and  the  bevel 
gear  pinionsyy*8  and  the  pinion  fy  Fig.  64.  The  microscope  plate 
IA  has  a  slow  motion  adjustment  in  elevation  by  means  of  an  ex- 
centric  I5,  Fig.  63. 

The  stops  c  c1  can  be  set  at  any  desired  position  upon  the  bed. 
They  can  be  firmly  secured  without  the  slightest  disturbance  of  the 
6tops  by  means  of  large  circular  clamps  beneath  the  bed  plate  at  61, 
Fig.  63. 

The  plate  r  extends  the  entire  length  of  the  bed  and  is  closely 
fitted  between  tho  walls  g  and  gr1,  Fig.  64.  It  rests  upon  two  ex- 
centrics  opposite  gb  and  g6,  Fig.  62,  and  shown  in  the  end  view  at 
ffl  ff*i  Fig.  64.  The  adjustment  in  elevation  is  made  by  means 
of  levers  inserted  in  the  wheels  (f  g*. 

The  gravity  lock  of  the  microscope  plate  against  the  stops,  is 
shown  in  Fi«*.  63.  The  weighted  lever  e9  can  bo  thrown  out  of 
connection  by  means  of  the  spring  catch  e9,  when  it  is  desired  to 
make  the  contact  with  the  6tops  by  means  of  the  rack  and  pinion 
movement. 

The  graduated  bar  B  rests  upon  the  bed  of  the  machine  and 
against  a  vertical  ledge  which  extends  the  entire  length. 

Tho  universal  calliper  s  sl  rests  upon  the  plate  ?•,  and  can  be 
placed  in  any  desired  position.  The  two  parts  8  a1  move  independ- 
ently; s1  being  carried  by  two  arms  attached  to  the  microscope 
slide  V. 
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The  operation  of  setting  the  calliper  for  any  required  length  will 
be  au  follows : 

(a)  Clamp  section  a  in  any  convenient  position  upon  tlie  plate  r. 


{b)  Bring  section  a1  into  a  position  such  that  the  stopB  a  and  e1 
will  he  in  contact  with  a  clear  space  between  the  bases  a  a1, 

(e)  Make  the  connection  between  1?  and  a1  by  means  of  the  screws 
at  I  and  P. 
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(d)  Set  the  micrometer  line  of  the  microscope  in  coincidence 
with  the  zero  lino  of  the  graduated  bar  B. 

(e)  Then,  when  the  microscope  slide  ft  moves  over  any  required 
distance  as  indicated  by  the  graduated  scale,  the  stop  z1  will  move 
the  same  distance  away  from  the  stop  z.  The  cylinders  which  form 
the  stops  are  hollow,  and  a  rod  (not  shown  in  the  figure)  passes 
through  both,  which  serves  as  a  support  for  the  transferring  calli- 
per for  inside  measures.  For  outside  measures,  allowance  is  made 
for  the  thickness  of  the  two  face  plates  in  setting  the  microscope 
slide.  For  support,  the  transferring  calliper  rests  upon  the  two 
cylinders. 

In  some  kinds  of  work  it  will  be  found  quite  as  convenient  to 
attach  one  stop  21,  to  one  stop  of  the  comparator  and  the  other  to 
the  vertical  face  of  the  microscope  slide  ft8. 


Fig.66 

Another  convenient  form  of  the  adjustable  stops  is  shown  in 
Fig.  66.  They  can  be  substituted  for  stops  c  &  with  advantage 
when  minute  differences  in  length  are  to  be  measured. 

This  machine  can  be  used  to  the  best  advantage  by  adopting  the 
83Tstem  of  delivering  measures  of  length  from  a  "standards  room," 
just  as  tools  are  now  delivered  from  a  tool  room.  This  can  be  most 
economically  done  by  the  aid  of  the  small  boy.  If  a  workman 
wishes  his  calliper  set  for  any  distance,  he  calls  "boy."  The  mes- 
senger boy  receives  the  calliper  and  a  card  on  which  is  written  the 
dimension  required.  He  takes  it  to  the  "standards  room"  and 
after  a  brief  delay  he  receives  back  the  calliper  properly  6et,  to- 
gether with  the  card  on  which  are  written  the  figures  which  have 
actually  been  used,  and  delivers  both  to  the  workman  in  half  the 
time  it  would  take  him  to  set  it  from  a  scale  with  anything  like 
equal  precision. 
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There  can  be  no  more  convincing  way  of  demonstrating  the 
feasibility  of  this  method  of  obtaining  and  transferring  measures 
of  length  than  by  performing  some  of  the  operations  indicated. 
I  enumerate  below  a  few  of  them,  with  an  estimate  of  the  time 
which  each  operation  requires. 

It  is  required  : 

(a)  To  bring  the  surface  of  the  graduated  scale  into  a  plane  par- 
allel with  the  plane  described  by  the  microscope  carriage.   Time,  80s. 

(b)  To  set  the  longitudinal  line  of  a  graduated  scale  parallel  with 
the  ways  of  the  comparator,  45s. 

(c)  To  "  set  for  focus"  upon  a  given  line.  By  lever  movement, 
68.     "With  lead  hammer,  4s. 

(d)  To  set  for  exact  coincidence  with  a  line  of  the  scale  by  tap- 
ping the  bar  with  a  lead  hammer,  6s. 

(e)  To  set  the  stops  c  &  to  correspond  with  any  given  distance. 
For  short  distances,  50s.     For  long  distances,  lm.  10s. 

(f)  To  compare  a  Whitworth  end-measure  yard  with  a  line 
standard  and  with  a  limit  of  error  not' exceeding  one  ten-thou- 
sandth of  an  inch,  2in.  SOs. 

((/)  To  compare  Whitworth  12  inch,  6  inch,  and  1  inch  end- 
measures  with  corresponding  line  measures,  lm.  45s.  each. 

(A)  To  compare  a  standard  end-measure  inch  with  corresponding 
line  measures,  lm.  30s. 

(i)  To  illustrate  the  limit  of  accuracy  in  measurements  by  the 
sense  of  feeling  by  adding  to  or  subtracting  from  an  end-measure 
inch  one  twentv-five-thousandth  of  an  inch,  2in. 

(j)  To  set  a  calliper  for  the  distance  one  inch,  upon  the  machine 
and  compare  it  with  a  Pratt  &  Whitney  inch,  2m. 

(k)  To  illustrate  the  method  of  delivering  calliper  measures  for 
use  in  the  machine  shop. 

As  the  result  of  experiment,  it  has  been  found  that  the  actual 
time  required  to  perform  the  operations  indicated  is  less  than 
one-half  of  the  limit  given  above.  For  the  experiment  under 
division  (A),  the  writer  is  under  obligations  to  the  Brown  &  Sharpe 
Mfg.  Co.  for  the  loan  of  the  live  end-measure  gauges  of  their  manu- 
facture. 

From  a  comparison  of  the  different  end-measure  inch  gauges,  the 
following  results  were  obtained : 
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A  plus  sign  indicates  that  the  corresponding  space  is  too  short; 
a  minus  sign,  that  it  is  too  long. 


Space. 

Correction. 

Space. 

Correction. 

Space. 

Correction. 

1 

—.000006  inch. 

7 

+  .000005  inch. 

13 

+  .000000  inch. 

2 

+  .000024 

8 

— X00004 

14 

+  .00  020 

3 

+  .(00000 

9 

-.000012 

15 

-J  00016 

4 

+  . 0000<i0 

10 

-.(X.Oi'42 

16 

+  . 01.0(1 4 

5 

-.1)00024 

11 

-.0&.026 

17 

+  .000016 

6 

+  .000005 

12 

+  .000086 

18 

+  .000010 

It  must  be  understood  that  any  apparent  degree  of  accuracy  ex- 
pressed by  a  figure  in  the  sixth  decimal  place  in  which  the  unit  is 
one  inch,  is  probably  fictitious. 


(added  since  the  meeting.) 

Since  this  paper  was  put  in  type,  the  writer  has  received  from 
the  Pratt  &  Whitney  Co.  an  end-measure  inch,  kindly  loaned 
for  this  occasion.  This  standard  was  constructed  from  a  four-inch 
line  standard,  graduated  by  the  writer  in  1881,  and  which  has 
served  as  the  basis  of  all  the  gauges  made  by  this  company.  It 
has  no  correction  at  62.0°  Fahr.  The  Betts  Mfg.  Co.  also  kindly 
loaned  a  standard  inch,  made  especially  for  the  present  purpose. 
They  also  sent  the  Whitworth  inch,  which  has  served  as  the  basis 
of  their  gauges  of  this  dimension.  The  same  company  some  time 
ago  sent  two  additional  standards  for  comparison  to  with  my  line 
standard.  Thus,  with  my  own  Whitworth  standard,  bought  in  Lon- 
don in  1880,  we  have  five  independent  standard  inches  for  compar- 
ison under  division  (ft).  With  the  aid  of  a  recorder,  it  has  been 
found  quite  easy  to  make  all  of  these  comparisons  without  haste, 
insideof  the  limit  given  for  a  single  comparison  as  given  under  (h). 

It  will  perhaps  be  worth  while  to  give  the  results  obtained.  The 
particular  inch  with  which  the  comparison  was  made,  is  the  first 
inch  of  a  standard  one-half  yard,  subdivided  to  tenths  of  inches. 
In  order  to  obtain  a  standard  for  which  no  sensible  corrections  of 
any  kind  would  be  required,  96  separate  trials  and  corresponding 
investigations  were  made. 

The  relative  errors  of  the  separate  inches  are  given  below.  The 
half  yard  has  no  correction  for  errors  of  total  length  at  62.0°  Fahr. 

The  Pratt  &  Whitney  Co.  inch  is  1  millionth  of  an  inch  too  short 

The  new  Betts  inch  (probably  a  copy  of  the  P.  &  W.  inch)  is  21 
millionths  of  an  inch  too  long. 

The  Betts-Whitworth  is  202  millionths  of  an  inch  too  short. 
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The  Rogers-Whitworth  is  236  millionths  of  an  inch  too  short. 

The  Betts  inch,  No.  1,  made  in  1883,  is  202  millionths  of  an  inch 
too  short. 

The  Betts  inch,  No.  2,  made  in  1883,  is  196  millionths  of  an  inch 
too  short 

It  will  be  seen  that  these  comparisons  bear  out  the  claim  of  the 
Betts  Mfg.  Co.  that  their  gauges  are  practically  exact  copies  of  the 
Whitworth  standard.  All  of  the  Whitworth  gauges  which  have 
been  examined  by  the  writer  have  been  found  too  short 

Referring  to  division  (f),  it  may  be  said  that  the  difference  in  the 
length  between  the  first  two  gauges  in  the  list  can  be  detected  by 
the  sense  of  feeling  with  considerable  certainty. 

(The  calliper,  with  its  microscopes,  although  set  up  to  be  exhibited  when  the  paper 
was  read,  was  not  described  before  the  meeting,  the  author  being  prevented  from  at- 
tendance.   For  the  sams  reason,  the  paper  received  no  discussion.) 
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AN  EXAMINATION  OF  THE  STANDARDS  OF  LENGTH 
CONSTRUCTED  BY  THE  SOCJilT^  G^NEVOISE. 

By  Professor  W.  A.  Rogers. 

Communicated  December  10th,  1884. 

Several  physical  laboratories  in  this  country  have  recently  received 
from  the  Societe  Genevoise  instruments  of  precision  of  various  kinds, 
which  appear  to  have  decided  merit,  both  in  regard  to  design  and 
workmanship.  The  Society  has  among  other  things  undertaken  the 
construction  of  standards  of  length,  and  of  a  cathetometer,  which  is 
designed  to  take  a  high  rank  as  an  instrument  of  precision.  Through 
the  kindness  of  Professor  Wright  of  Yale  College,  the  writer  has  been 
permitted  the  opportunity  of  a  somewhat  extended  study  of  one  of 
the  standard  meters  of  the  Society.  Through  the  courtesy  of  J.  W. 
Queen  &  Co.  of  Philadelphia,  the  opportunity  was  at  the  same  time 
offered  of  an  examination  of  three  other  standard  meters,  and  of  the 
meter  graduated  upon  the  upright  bar  of  a  cathetometer. 

On  account  of  the  somewhat  extended  introduction  of  these  stan- 
dards, it  has  seemed  to  the  writer  worth  while  to  place  upon  record 
the  results  of  this  examination. 

EXAMINATION  OF  METERS. 

The  meter  belonging  to  Professor  Wright  is  designated  W.  The 
meter  of  similar  form  and  dimensions  received  from  J.  W.  Queen  &  Co. 
is  designated  Qx.  A  second  meter,  in  which  the  graduations  are 
nearly  along  the  centre  of  gravity  of  a  cross  section  of  the  bar,  is 
designated  Qr  The  graduations  upon  W,  Q{,  and  Q2  are  upon  silver 
inlaid  in  the  brass,  which  is  the  material  of  the  bars.  A  third  meter, 
designated  <?3,  has  the  graduations  upon  the  brass.  The  meter  of  the 
cathetometer  is  designated  <?4. 
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COMPARISON  OF  METER  W  WITH  BRONZE  STANDARD  METER 
Rf*  AND  STEEL  STANDARD  METER  flg, 

in  which,  designating  the  Metre  des  Archives  by  A09 

i?/— 1.6  M  =  A0 
JR3    — 1.2  ji  =  A0 

The  coefficient  of  expansion  of  R%  for  1°  C.  in  1  metre  is  assumed 
to  be  17.17/*.*  The  coefficient  of  B3  for  1°  C.  is  assumed  to  be 
10.28  fi.    At  0°  C.  these  relations  become,  with  these  coefficients, 

B/  +  284.6  r  =  A0 
i?3     +  170.2  y.  =  A, 

The  values  R2 — W  and  Bs  —  W  are  given  in  divisions  of  the  mi- 
crometer of  the  microscope  employed,  in  which 

1  div.  =  0.503/*. 

The  thermometer  employed  is  No.  8612  Baudin,  and  the  readings  r 
have  been  reduced  to  the  Yale  standard. 

The  observations  extend  from  November  15  to  December  3,  1884. 


Equations  of  Condition  between  R.2  and   II*. 


Ilt—  W 

No.  Obi. 

n9-w 

(KP.67-T) 

at  1G°.G7 

Redduml*. 

3 

—490.6  div. 

=  a  +19.41  b 

—626.1  div. 

—3.2  div. 

=  — 1.6  A* 

3 

—496.9 

=  a  +14.79  b 

—524.0 

—1.1 

=  —0.6 

3 

—499.2 

=  a  +13  44& 

—623.8 

—0.9 

=  —0.5 

6 

—501.0 

=  a  +10.94  6 

—521.0 

+1.9 

=  +1.0 

2 

—608.4 

=  a  +  8.07  b 

—623.2 

—0.3 

=  -i0.2 

4 

—612.2 

=  a  +  6.31  6 

—521.7 

+  1.2 

=  +0.6 

6 

—613.8 

=  a  +  1.68  b 

—616.4 

+6.6 

=  +8.8 

4 

—562.6 

=  a  —14.06  b 
Mean 

—626.8 

—8.9 

=  —2.0 

—622.9 

Normal 

Ef/uations. 

• 

—  4073.9  = 

8a  +    69.686 

—28977.3  =  59.68  a  +1189.62  \ 

Whence 


a  =  —622.9   div.    =  —263.0  fi 
&  =  +     1.88  div.    =  +    0.92  m 
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Equations  between  /2g  and   W. 


Itt-W 

No.  Obs. 

Rt—  W 

at  le'.er 

Residuals. 

3 

—220.4  div. 

=  a  +19.41 6 

—622.0  div. 

+2.1  div. 

-  +l.lfi 

4 

—301.4 

=  a  +14.79  6 

—631.2 

—7.1 

=  —3.6 

O 

—313.7 

=  a  +13.44  6 

—622.6 

+1.6 

=  +08 

6 

—301.2 

=  a  +10.946 

—621.2 

+2.9 

=  +1.5 

2 

—397.1 

=  a  +  8.07  6 

—522.5 

+1.6 

=  +0.4 

4 

—439.1 

=  a  +  6.31  6 

-521.6 

+2.6 

=  +1.3 

5 

—601.5 

==  a  +  1.686 

—527.6 

—3.6 

=  —1.8 

4 

—742.3 

=  a  —14.06  6 
Mean 

—523.8 
—524.1 

+0.3 

=  +0.2 

Normal  Equations. 

—  3266  7  = 

8a+    59.686 

—12736.4  =  59.68  a  +1189.62  6 

Whence 

a  =  —624.1    <Jiv.  =  263.6  p 
6   =  +  15.54  div.  =      7.82^ 

It  appears  from  these  observations,  that  the  coefficient  of  W  for 
1°  C.  from  comparison  with  E2  is 

17.17^  +  0.92^  =  18.09/*; 

and  that  the  coefficient  of  IF  for  1°  C.  from  comparison  with  Bs  is 

10.28  ii  +  7.82  fi  =  18.10/*. 

On  account  of  the  large  deviation  from  the  value  communicated  by 
the  Society,  viz.  19.155  n,  a  series  of  comparisons  was  instituted  be- 
ween  IF  and  a  steel  end-meter  S  immersed  in  melting  ice,  according  to 
the  method  described  in  the  Proceedings  of  the  American  Academy, 
Vol.  XVIII.  p.  341. 

EQUATIONS  OF  CONDITION  BETWEEN   W  AND  S  IN 

MELTING   ICE. 


s-  w 

No.  Obi.          S—  W 

(16°.67  —  t) 

atl6°.67 

Residuals. 

6        +     80.0  div. 

=  a  +17.766 

—619.1  div. 

— 0.8  d 

liv. 

=  — 0.4  p 

6        —      7.5 

=  a  +16.66  6 

—016.8 

+1.6 

=  +0.8 

10        —  177.0 

=  a  +12.24  6 

—624.6 

—6.3 

=  —8.2 

9        —  108.3 

=  a  +11.58  6 

—621.8 

—8.6 

=  —1.8 

6        —  200.9 

=  a  +  9.68  6 

—611.2 

+7.1 

=  +3.6 

6        —  327.4 

=  a  +  7.94  6 

—617.8 

+0.6 

=  +0.3 

4        —  369.8 

=  a  +  6.73  6 

—615.9 

+2.4 

=  +1.2 

10        —  671.6 

• 

=  a  +  1.28  6 

—618.3 

+0.0 

=  +0.0 

18        —1124.7 

=  a  —13.836 

Mean 

—618.9 

—0.6 

=  —0.3 

—618.3 
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Normal  Equations. 

—3007.1=        Oa-f    69.936 
+8180.1  =  69.03  a  +1269.66  6 

Whence 

6  =  36.57  =  18.39  fi 

Combining  this  value  with  the  values  18.09  ft  derived  from  Rv  and 
18.10  ft  derived  from  R#  we  have  : 

Coefficient  of  expansion  of  bar  Win  one  meter  =  18.19/*  for  each 

degree  Centigrade. 

For  the  relation  between  Wand  A^  at  16°.67  C.  =  62°.0  Fahr.,  we 
have: 

W—  2G3.0/i  =  #8  =  J0+1.6  fi     W—  263.6M  =  i?3  =  J0+1.2M 
W—  264.6  fi  =  A0  W—  2G4.8  M  =  A0 

And  finally,  W—  264.7  fi  =  A0 

Reducing  to  0°  C,  with  the  coefficient  18.19 /x,  we  have  at  0° 

W+  38.5  M  =  A0 

A  slightly  different  but  probably  more  accurate  value  of  this  relation 
will  be  obtained  by  selecting  only  those  comparisons  which  were  made 
near  0°.     From  these  data  we  have : 

No.      8012  /?s—  W  No.      8612  i?,—  W 

Obi.  0  /?,—  W  atO^C.  Ob».  0  Rt—W  atO°C. 

8    —2.74  —  490.6  div.  —249.6^  8    —2.74  —  220.4  div.  — 132  6/k 

3    +1.88  —496.9  —247.9  4    +1.88  —301.4  —136.9 

3    +3.43  —499.2  —247.6  8    +3.00  —313.7  —132.4 

fl    +6.73  —501.0  —246.2  6    +6.73  —851.2  —132.2 

Mean    —247.8  —133.5 

Whence  fF+36.1M==^0  FT+30.0M=^0 

COMPARISON  OF  STANDARD  Qx  WITH  STANDARDS  R2  AND  R+ 

Equations  of  Condition  between  R2  and  Qv  • 

/?,-o, 

No.  Obi.         Pt—Qi  atlfT.67  Rwiduali. 

6  —680.2  div.  =  a  -hi 6.02  6  —604.9  div.  +1.0  div.     =  +0.bp 

4  —586.0  =  a  +12.54  b  —606.2  —0.3            ==  —0.2 

2  —597.1  =  a  +  6  696  —607.2  —1.3            =  —0.6 

4  —627.1  =  a  —14.066  —605.4  +0.5           —  +0.8 

Mean    —605.9 


Hence 


Hence 
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Normal  Equations. 

—  2891.80=        4a  +  21.006 
—11772.80  =  21.09a  +666.006 

a  =—606.9   =304.8  ft 
6=4-    1.64=    0.78  p 

Qx  —304.8  ft  =  Ri  =  4>  +1.6  ft 
Q1—3MAft  =  A0 

Coefficient = 17.17  u  +  0.78  p  =  17.96p 
Equations  of  Condition  between  Qx  and  /?t. 

at  16°.67  Bciidnala. 

—603.4  div.  +3.8  div.    =   +1.7  ft 

—611.4  —4.7  =   —2.4 

—606.4  +1.3  =   +0.7 

—606.6  +0-1  =   +0.1 

Normal  Equations. 

—2111.8=        4a  +  21.096 
—3014.4  =  21.09  a  +666.006 

a=— 606.7   =—806.2  ft 
6  =  +  14.93=+    7.61  ft 

Qt  —305.2  ft  =  Rg  =  A0  +1.2  ft 
^—806.4^  =  ^0 

Coefficient  =10.28  ft  +  7.61  ft  =  17.79p 

COMPARISON  BETWEEN  STANDARDS  Q2t  &,,  AND  R* 
Equations  of  Condition  between  it,  and  Q2. 


No.  Oba.        J?,  —  Qi 

6        —864.2  div. 

=  a  +16.026 

4        —424.2 

=  a  +12.646 

2        —600.9 

=  a  +  6.696 

4        —816.6 

=  a  —14.06  6 

*■-& 

No.  Obs. 

*i-Ct 

et  16°  67 

Residual* 

6 

—680.8  div. 

=  a  +16.03  6 

—674.6  div. 

—3.8  div.     = 

— 1.9  ft 

4 

—638.9 

=  a  +12.96  6 

—669.2 

+1.6            = 

+0.8 

3 

—639.1 

=  a  +10.406 

—667.6 

+3.2            = 

+1.6 

4 

—609.9 

=  a  —14.06  6 

—671.6 

—0.8            = 

—0.4 

Hence 


Normal  Equations. 

—  2213.7=        4a  +  26.386 
—12469.4  =  25.83  a  +730.766 

a  =  —670.7   =—287.1  ft 
6  =  +    2.73=+     1.45  ^ 

Q,  —287.1  u  =  A,  =  A0  +1.6  ft 
02—288.7^  =  ^0 

Coefficient  =17.17  ft  +lA6ft  =18.62  ft 
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Equations  of  Condition  between  Q2  *ND  ^a- 

Rt-Qt 

No.  Obi.        Rt—Q*                                               atl6°.67  Residual*. 

6        — 324.4  div.    =  a  +16.036        —579.4  div.  — 6.5  div.    =   —2.8/* 

4        —361.6           =  a  +12.966        —667.7  46.2           =+3.1 

3  —408.3           =  a  +10.406       —673.8  +0.1           =   +0.1 

4  -798.8  =  a  —14.066       —674.6  —0.7  =   -0.4 

Normal  Equations. 

—1892.6=        4a +26.336 
—2908.6  =  26.33  a  +730.76  6 

Hence 

a  ==—673.8   div.  =  288.6  /* 
6  =  +  15.91  div.  =     8.00  /* 

Q2  —  288.6/*  =  RS  =  A0  +1.9/* 
<2a— 289.8  f*  =  A0 

Coefficient  =10.28/*  +8.00/*  =18.28/* 

Compabibon  OF  Qg  with  R2. 

8612  *»-<?s 

+2°12  —600.7  div. 

+2.23  —680.2 

+8.22  —686.9 

+4.70  —679.6 

+8.60  —676.2 

Means     +3.17  —684.7 

Reduced  to  0°  with  coeff.  1.83  div.,  we  have 

iZa  —  Qg  at  (fi  =  —679.2  =  —301.3/* 
Hence 

Qa  —301.3  /*  =  J^  =  Aq  —284.6/* 
Q,_  16.7 /*  =  40 

COMPARISON  OF  CATHETOMETER  METER  Q+  WITH  R2  AND  /?r 
Equations  of  Condition  between  Q+  and  R* 


Rt-Qi 

\.  Obi. 

*,-Qi 

atl6°.e7 

Bcftdnals. 

7 

—644.1  div. 

=  a  +16.196 

—631.0  div. 

—0.6  div. 

=   —0.8/* 

7 

—637.6 

=  a  +12.696 

—627.2 

+3.2 

=    +1.6 

7 

—638.4 

=  a  +10.686 

—629.7 

+0.7 

=   +0.4 

3 

—639.4 

=  a  +  6.246 

-434.3 

—8.9 

=  —2.0 

8 

—618.9 

=  a  —13346 

—629.6 

+0.8 

=   +0.4 

Normal  Equations. 

—  8178.3  div.  =       6a  +  32.56  6 
—21131.7  div.  =  32.66a  +761.466 
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Hence 

a  =—630.4  =317.1  /i 
6=—    0.81=     0.41  fi 

Qt  — 317.1  /x  =  R.2  =  A0  +1.6// 
Q*— 818.7  fi  =  A0 

Coefficient  =  +17.17//  —  0.41//  =  16.76// 

Equations  of  Condition  betwben  Q+  and  i^ 

No.  Obi.        /?,—  &  atl6°.67  Residual*. 

7  —423.2  div.  =  a  +10.196  — 626.6  div.  +2.8  div.     =    +1.4/x 

4  —472.2  =  a  +12.636  —630.1  —1.7           =   —0.9 

3  —662.1  =  a  +  6-246  —O30.1  —1.7            =   —0.9 

4  — 800.2  =  a  —13.81 6  —627.6  +0.8           =   +0.4 

Normal  Equations. 

—2247.7=        4a  +  21.266 

—6209.8  =  21.25  a  +661.30  6 

Hence 

a  =  —628.4  =—316.1  // 

6  =  +  12.50=:+    6.29// 

Q4  —316.1  //  =  /?8  =  40  +1.2  // 
Qa—  317.3  /z  =  40 

Coefficient  =  +10.28//  +  6.29//  =  +16.67// 

For  the  mean  value  we  have : 

04  —  318.0/1  =  4, 
Coefficient  =  16.66 /a 

For  the  relations  between  Q19   Qr  Qv  and  ^  at  0°  C,  we  have, 
from  the  comparisons  made  near  0°,  as  follows : 


8612 
Reading  at 
Obterration. 

atCP 

.    at0° 

8612 
Reading  at 
Observation. 

at0° 

at0° 

+°0.66 
+  4.13 
+10.08 

—291.3// 

—292.3 

—293.1 

—178.8// 

—182.2 

—178.9 

+0L64 
+3.71 
+6.27 

—266.2// 

—263.7 

—288.0 

— i6ao// 

—151.7 
—154.6 

Means 

—292.2 

—179.8 

—264.8 

—164.8 

Qj— 292.2//  = 

Qx—    7.6//  = 
For  the  mean 

■ 

R2                     Qi— 179.8// 
s  ,40  —284.6// 

:^0                        ft—    9.6// 
Q1-8.6//«^o 

=  4,-170.2//     . 

-4i 
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G2  — 264.3  /x  =  7*2 

Q,— 154.8  /*  = 

*3 

=  A0  —  284 

1.6/* 

== 

-V 

— 1702/i 

Qj+  20.3/*  =  40 

Qt+  15.4/*  = 

4> 

For  the  mean                        Qa  +  17.8/*  =  -40 

8612 

8612 

Reading  at             J?,—  Q4 

Reading  at 

*l-04 

Otoerration.              at  0° 

Otoerration. 

at0° 

+  0.48            — 824.2  fi 

+  0.48 

-209.8  /* 

+  3.98           —322.6 

+  3.98 

-212.2 

+  6.94           -324.0 

+10.43 

-211.4 

+10.03           —326.7 

Means    —324.4 

—211.1 

04—324.4^  =  7*2 

Q4—  211.1  /*  = 

-R* 

=  40— 284.6/* 

■*o 

—170.2/* 

Q4—  S9.$p  =  A0 

Q4  —  40.0/*  = 

:A0 

For  the  mean                         Q4  - 

-40 

.3/*  =  4, 

Collecting  results,  we  have : 

AtO° 

At  16°.67 

Coefficient. 

W +36.1/*  =  4, 

W- 

-204.7/*  =  40 

18.19/1 

Qx  —  8.6    =  A0 

Qi— 306.4    =A0 

17.87 

Qa+17.8    =il0 

Qi- 

-289.2     =i4o 

18.45 

Qg— 16.7    =A0 

•    ■    • 

Q4—40.3    =A0 

O4— 318.0    =A0 

16.71 

It  will  be  seen  that  every  value  of  the  coefficient  is  less  than  the 
value  communicated  by  the  Society,  viz.  19.155 /a.  It  seems  im- 
possible to  resist  the  evidence  given  by  this  determination,  that  this 
value  is  certainly  too  large.  It  is  possible  that  the  solution  of  the 
discrepancy  may  be  found  in  the  fact  shown  by  these  observations,  that 
when  the  graduations  are  upon  silver  inlaid  in  brass,  the  coefficient  of 
the  brass  controls  that  of  the  silver  somewhat  in  proportion  to  the 
relative  masses  of  the  two  metals.  In  every  one  of  the  five  cathetome- 
tere  standardized  by  the  writer,  the  brass  has  carried  the  silver  with 
it,  that  is,  the  coefficient  has  been  found  to  be  that  of  brass,  and  not 
that  of  silver. 

It  will  be  seen  that  the  cathetometer  has  a  less  coefficient  than  the 
bronze  bar  Rv  which  is  identical  in  composition  with  the  Imperial 
Yard. 

It  is  probable,  also,  that  the  resultant  coefficient  of  two  metals  which 
have  a  mechanical  junction  depends  somewhat  upon  the  perfection 
with  which  the  junction  is  made.  The  writer  has  not  found  so  large 
differences  as  here  given  in  the  values  of  the  coefficient  for  different 
specimens  of  the  same  metal,  but  in  this  case  the  differences  may  be 
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due  to  accidental  errors  of  observation,  on  account  of  the  limited 
number  of  comparisons  made. 

It  should  be  stated  also,  that,  judging  by  the  color  of  the  metal,  the 
composition  of  W  and  Ql  differs  from  that  of  Q$  and  Q4. 

It  now  only  remains  to  describe  some  observations  which  were  made 
to  determine  the  extent  to  which  the  variations  in  the  length  of  the 
standards  under  variations  of  temperature  correspond  with  the  com- 
puted values  from  the  indicated  readings  of  the  thermometer  when 
placed  upon  the  upper  surface  of  the  bars. 

First,  a  series  of  comparisons  were  made  with  a  rising  temperature. 
When  reduced  to  16°.67,  the  value  of  R%—  W should  be  522.9  div. 
The  following  are  the  observed  values. 


Time. 

8612 

7?,-  W 

Deriatlon 

h   m. 

o 

at  16>.67 

from  622.9  dir. 

A.M.    7   10 

6.20 

—516  5  div. 

—  6.4  div. 

=     — S.2fi 

"       8  20 

7.30 

—617.7 

—  6.2 

=    —2.6 

"       9  80 

7.92 

—522.1 

—  0.8 

=    —0.4 

"     11  20 

12.07 

—517.1 

—  6.8 

=    —2.9 

"     12  50 

13.67 

—511.3 

—11.6 

=    —6.8 

It  therefore  appears  that,  for  a  rising  temperature  of  about  1°  for 
each  hour  of  time,  the  length  derived  from  the  reading  of  the  ther- 
mometer will  be  from  2/4  to  3  ft  too  short. 

The  length  of  W  was  then  compared  with  an  end-meter  in  melting 
ice  with  a  falling  temperature.  The  temperature  of  the  com  paring- 
room  had  for  several  hours  remained  at  15°.4  C.  At  8h.  27m.  a.  m. 
both  windows  were  opened.  The  relation  S —  W  had  been  previ- 
ously found  to  be  — 618.3  div.  The  comparisons  were  now  continued 
every  three  minutes  with  the  following  results. 

Time.  S—  W  Deflation  Time.  5—  W  Deriation 

a.m.      8612     at  16^.67      from -618  8  dlr.  a.m.       8612     at  16°. 67     from —618.3 dW. 

h.  m.         0  div.  div.  p,  h.  m.         0  div.  <Ht.  m 

8  30  14.65 —634.2  +15.9  =+  8.0  8  64  11.97—631.0+12.7=4-6  4 

8  33  14.25  —633.0  +14.7  =+7.4  8  57  11.39  —644.7  +26.4  =+13.3 

8  36  13.67 —645.6  +27.3  =+13.7  9    0  11.10 —640.2  +21.9  =+11.0 

8  39  13.41  —639.8  +216  =+10.8  9    3  10.94  —636.0  +17.7  =+  8.9 

8  42  13.07  —639.3  +21.0  =+10.6  9   6  10.95  —623.3  +  6.0  =+  2.5 

8  46  12.76  —646.1  +27.8  =+14.1  9   9  10.90  —623.6  +  6.2  =+  2.6 

8  48  12.57  —639.9  +21.6  =  +10.9  9  12  11.00  —615.9  —  2.4  =—  1.2 

8  61  12.19  —643.1  +24.8  =+12.5 

It  appears,  therefore,  that  the  measured  length  will  be  found  to  be, 
too  great  under  a  rapidly  falling  temperature  by  about  10  m  or  12  p 
for  at  least  half  an  hour  after  the  change  of  temperature  has  occurred. 
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Under  circumstances  similar  to  those  described  above,  it  will  not  be 
safe  to  make  the  comparisons  under  about  one  hour  after  the  change 
of  temperature.  For  a  bronze  bar  having  a  cross  section  of  one  inch, 
the  writer  has  found  that  this  limit  of  time  is  about  five  hours.  This 
form  of  the  metres  of  the  Society,  therefore,  seems  to  be  well  adapted 
for  ordinary  use.  But  it  should  be  stated  that  the  small  depth  of  the 
bars  W  and  Ql  requires  that  they  shall  rest  upon  a  flat  surface  during 
comparison,  —  something  not  easy  to  obtain. 

In  the  third  test,  the  temperature  of  bar  W  was  raised  to  about 
28°  C.  by  heating  over  a  register.  At  3h.  19m.  p.  m.  it  was  removed 
to  the  comparing  room  within  which  the  temperature  remained  very 
constant  at  about  19°.0  C.  Comparisons  were  then  made  every  three 
or  four  minutes  with  the  end-meter  in  melting  ice,  as  follows.  The 
comparisons  were  begun  when  the  thermometer  placed  upon  the  bar 
ceased  to  rise. 


Time. 

S  —  w 

Deviation 

Time. 

S  — W 

DeYiatfon 

P.  M. 

h    tn 

8612 

at  16°.67 

from  - 

-C18.8diT. 

P.M. 

h.  m. 
3  42 

8612 

at  16°.67 

from— 618.3  div 

U*    III* 

3  21 

12.45 

— 620div.+17div.+  1 /x 

6.40 

—647  div 

.+20  div. +15/ 

3  25 

8.31 

—676 

+58 

+29 

3  44 

6.21 

—040 

+31          +16 

3  29 

7.32 

—676 

+68 

+29 

3  46 

0.0(J 

—636 

+18         +  9 

8  33 

6.86 

—667 

+49 

+25 

3  40 

6.00 

—638 

+20         +10 

3  86 

6.55 

—660 

+42 

+21 

3  51 

6.77 

—638 

+20         +10 

3  80 

6.46 

—658 

+40 

+20 

354 

540 

—642 

+24         +12 

It  will  be  noticed  from  these  results,  that  the  bar  remained  nearly 
two  minutes  in  the  com  paring- room  before  the  change  of  length  was 
decidedly  apparent.  After  that,  the  computed  length  was  too  great  by 
a  maximum  amount  of  29  p,  and  notwithstanding  the  fact  that  after 
about  fifteen  minutes  the  thermometer  readings  decreased  very  slowly 
and  with  considerable  regularity,  the  indicated  length  of  the  meter  was 
at  the  expiration  of  S3  minutes  still  1 2  p  too  great.  It  is  apparent, 
therefore,  that,  under  circumstances  similar  to  those  described  above,  it 
will  not  be  safe  to  make  comparisons  until  the  bar  shall  have  remained 
at  a  nearly  constant  temperature  for  at  least  one  hour. 

The  lines  traced  upon  the  silver  surface  are,  in  all  these  standards, 
of  the  best  quality.  The  edges  are  not  rounded,  and  it  is  possible  to 
focus  upon  the  lines  with  great  sharpness.  The  writer  has  never 
before  seen  heavy  lines  of  as  good  quality  as  these.  The  width  of  the 
lines  in  IF,  Qr  and  Q2  is  about  20**,  and  in  Qs  about  50/*.  In  Q4 
the  width  is  slightly  different  at  the  two  ends,  the  mean  value  being 
about  25  fi. 

The  only  serious  criticism  to  be  made  upon  these  standards  is,  that 
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the  surfaces  of  IT  and  Ql  are  slightly  convex  between  centimeters  15 
and  45,  while  Qs  is  convex  to  a  less  degree  between  centimeters  70 
and  85.  The  surface  of  Q4  is  nearly  plane  when  the  cathetometer  is 
supported  at  its  neutral  points. 

RELATIVE   ERRORS  OF  THE  SUBDIVISIONS. 
A  plus  sign  indicates  that  the  measured  space  is  too  short. 


Decimeters. 

Spacei 

w 

2 

Qi 

2 

Q» 

2 

<?< 

2 

1 

+  0.7^ 

1+0.7/i 

—  5.8/1 

—  6.8p 

+  4.7  ft 

+  4.7  fi 

+  0.0  ^ 

i+  0.0  ft 

2 

+11.3 

+12.0 

+  1.9 

—  8.9 

+  02 

+  4.9 

—  2.6 

—  2.6 

8 

+  6.0 

+18.0 

—28.0 

—26.9 

—18.4 

—13.6 

—  1.1 

—  3.6 

4 

—11.0 

+  7.0 

+  4.0 

—22.9 

—  0.1 

—14.6 

—  1.7 

—  53 

5 

—  1.6 

+  5.4 

+17.7 

—  6.2 

+  0.9 

—13.7 

+  9.1 

+  3.8 

6 

-f  8.0 

+  8.4 

+  6.3 

+  0.1 

+  0.2 

—13.5 

+  1.4 

+  6.2 

—  8.7 

—  0.3 

—11.1 

—11.0 

—  0.9 

—14.4 

—  9.3 

—  4.1 

8 

+  4.6 

+  4.3 

—17.7 

—28.7 

+  8.5 

—  6.9 

+  8.6 

+  4.5 

0 

+  1.8 

+  5.6 

+11.4 

—17.3 

+  4.3 

—  1.6 

+  6.3 

+10.8 

10 

—  6.3 

+  0.0 

+17.8 

+  0.0 

+  1.6 

+  0.0 

—10.8 

+  0.0 

The  relative  errors  of  the  10  centimeters  of  the  first  decimeters  of 
Q3  and  (>4  were  found  to  be  as  follows.  The  centimeter  subdivisions 
of  W  and  Qx  were  not  investigated. 


paces. 

Qt 

2 

Qi 

2 

1 

+0.5  fi 

+0.6/I 

+1.4* 

+1.4/X 

2 

—5.0 

—4.5 

—1.1 

—0.8 

3 

—2.8 

—7.3 

—4.7 

—5.0 

4 

—0.8 

—8.1 

—4.0 

—9.0 

5 

+1.9 

—6.2 

+41 

—4.9 

6 

+0.3 

—6.9 

+5.1 

+0.2 

i 

+1.1 

—4.8 

—3.1 

—2.9 

8 

+3.1 

—1.7 

+0.4 

—2.5 

0 

+1.3 

—0.4 

+4.9 

+2.4 

10 

+0.4 

+0.0 

—2.4 

+0.0 

The  errors  of  the  one-tenth  millimeter  subdivisions  seem  to  be 
inappreciable,  indicating  that  the  screw  employed  has  no  sensible 
periodic  error  which  is  a  function  of  a  single  revolution. 

With  regard  to  the  decimeter  subdivisions,  it  should  be  said  that  the 
graduation  was  done  in  three  operations,  the  second  zero  being  at  about 
the  thirty-third  centimeter,  and  the  third  at  about  the  sixty-sixth 
centimeter. 


I 
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XVII. 

OBSERVATIONS  OF  VARIABLE   STARS  IN   1884. 

By  Edward  C.  Pickering. 

Communicated  March  11, 1886. 

In  the  communication  entitled  u  Recent  Observations  of  Variable 
Stars," 1  it  was  stated  that  a  similar  circular  would  be  published  early 
in  1885.  The  friendly  co-operation  of  several  astronomers  interested 
in  the  subject  makes  it  practicable  to  present  on  this  occasion  a  much 
fuller  view  of  the  progress  of  observation,  in  Europe  as  well  as  in 
America,  than  could  be  given  last  year.  The  various  observers  are 
named  below  in  alphabetical  order,  with  the  abbreviations  employed  to 
designate  them  in  the  subsequent  tabular  statements. 

B.  These  observations  were  made  by  Mr.  T.  W.  Backhouse,  at 
Sunderland,  England.  The  instruments  employed  were  a  refracting 
telescope  by  Cooke,  aperture  4  J  inches,  with  magnifying  powers  38 
and  75 ;  the  finder  of  this  telescope,  power  9 ;  a  field-glass  and  an 
opera-glass,  with  powers  4  and  2.2  respectively ;  other  observations 
were  made  with  the  naked  eye.  The  comparisons  were  made  either 
in  grades,  in  fractions  of  the  interval  between  two  comparison  stars,  or 
by  approximate  differences.  A  copy  of  the  observations  for  1884  has 
been  received  at  the  Harvard  College  Observatory. 

C.  These  observations  were  made  by  Mr.  S.  C.  Chandler,  Jr.,  at 
the  Harvard  College  Observatory.  The  telescope  is  by  Clacey ;  aper- 
ture 6J  inches,  magnifying  power  generally  45,  sometimes  125  or  200. 
The  observations  were  made  by  Argelauder's  method.  Most  of  them 
were  made  before  April  28,  and  they  were  discontinued  after  June  30, 
owing  to  the  requirements  of  other  researches.  They  are  not  likely  to 
be  resumed  at  present. 

D.  These  observations  were  made  by  Dr.  N.  C.  Dune>,  at  the  Ob- 
servatory of  Lund,  Sweden,  according  to  the  method  of  Argelander. 

E.  These  observations  were  made  by  Mr.  John  H.  Eadie,  at  Bay- 
onne,  New  Jersey.  The  telescope  employed  was  made  by  John 
Byrne;  its  aperture  is  3 \  inches,  and  the  lowest  magnifying  power 
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about  50.    Argelander's  method  of  comparison  is  used.    A  copy  of  the 
observations  has  been  furnished  to  the  Harvard  College  Observatory. 

Hg.  These  observations  were  made  by  Dr.  £.  Hartwig,  formerly 
of  Strassburg,  Germany,  at  present  of  Dorpat,  Russia.  Since  his 
removal  to  Dorpat,  circumstances  have  prevented  Dr.  Hartwig  from 
making  frequent  observations  of  variable  stars. 

Hn.  These  observations  were  made  by  the  Rev.  J.  Hagen,  S.  J-, 
at  the  College  of  the  Sacred  Heart,  Prairie  du  Chien,  Wisconsin.  The 
instrument  is  a  telescope  by  Merz;  its  aperture  is  3  inches.  The 
observations  were  made  by  the  division  into  tenths  of  the  interval 
between  two  comparison  stars.  A  copy  of  the  observations  has  been 
furnished  to  the  Harvard  College  Observatory.  Messrs.  Zwack  and 
Zaiser  have  taken  part  in  the  work  as  assistants. 

K.  These  observations  were  made  by  Mr.  George  Knott,  at 
Knowles  Lodge,  Cuckfield,  Hay  ward's  Heath,  England.  The  telescope 
employed  was  made  by  A  Ivan  Clark  and  Sons ;  its  aperture  is  7£  inches, 
and  that  of  the  finder  2  inches.  The  variable  is  compared  with  stars 
differing  little  from  it  in  brightness ;  the  magnitudes  of  the  comparison 
stars,  and  sometimes  the  magnitude  of  the  variable,  are  determined  by 
the  method  of  limiting  apertures. 

P.  These  observations  were  made  by  Mr.  H.  M.  Parkhurst,  at 
Brooklyn,  N.  Y.  The  instrument  is  a  telescope  made  by  Fitz ;  its 
aperture  is  9  inches,  and  the  magnifying  powers  employed  are  56  and 
150.  Many  of  the  observations  were  made  by  Argelander's  method, 
and  the  remainder  with  photometric  apparatus  devised  by  Mr.  Park- 
hurst, and  partially  described  in  the  previous  circular.  A  copy  of  the 
observations  has  been  furnished  to  the  Harvard  College  Observatory. 

Sk.  Professor  Safarik  of  Prague,  Austria,  has  published  a  notice 
of  his  observations  of  variable  stars  in  the  Vierteljahrsschrift  der 
Astronomischen  Gesellschaft,  XIX.  144,  from  which  the  memoranda 
given  in  this  circular  are  derived. 

Sr.  These  observations  were  made  according  to  Argelander's 
method  by  Mr.  E.  F.  Sawyer,  at  Cambridgeport,  Massachusetts,  by 
means  of  an  opera-glass  for  the  brighter  stars  and  of  a  field-glass  for  the 
others.     The  same  plan  of  observation  will  be  followed  during  1885. 

W.  These  observations  were  made  by  Dr.  F.  Wilsing,  at  the  Astro- 
physikalisches  Observatorium,  Potsdam,  Germany.  The  wedge  pho- 
tometer was  employed  in  part  of  the  comparisons,  but  in  such  cases 
estimates  in  grades  of  the  difference  in  brightness  between  the  start 
compared  were  almost  always  added.  These  estimates  appear  to  be 
somewhat  more  accurate  than  the  photometric  observations,  which  will 
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therefore  be  employed  in  future  chiefly  in  determining  the  brightness 
of  the  comparison  stars. 

Zk.  The  observations  of  Assistant  G.  Zwack  have  already  been 
mentioned  under  the  heading  Hn. 

Zr.  The  observations  of  Assistant  Zaiser  have  already  been  men- 
tioned under  the  heading  Hn. 

The  summary  of  the  progress  of  observation  during  1884  is  con- 
tained in  the  last  column  of  Table  I.  The  preceding  columns  are 
repeated,  after  correcting  some  numerical  errors,  from  the  correspond- 
ing table  in  the  statement  published  last  year.  The  first  column  of  the 
left-hand  page  gives  a  provisional  number  for  designating  the  star. 
This  number  is  taken  from  Schonfeld's  Catalogue  when  the  star  occurs 
there ;  in  other  cases,  a  letter  is  added  to  the  number.  Other  letters 
may  be  employed  in  effecting  additional  interpolation.  The  second 
column  contains  numbers  from  the  Photometric  Catalogue  called  Har- 
vard Photometry,  and  published  in  Volume  XIV.  of  the  Annals  of 
the  Harvard  College  Observatory.  The  following  columns  contain  the 
usual  designation  of  the  star,  its  right  ascension  and  declination  for 
1875,  magnitude  at  maximum  and  minimum,  and  period  in  days. 

The  first  column  of  the  right-hand  page  repeats  the  number  to  be 
used  for  the  provisional  designation  of  the  star.  The  second  gives  the 
class  to  which  the  star  belongs,  upon  the  system  of  classification  em- 
ployed in  the  Proceedings  of  the  American  Academy  of  Arts  and 
Sciences,  XVI.  257.  Upon  this  system,  Class  I.  includes  temporary 
stars ;  Class  II.,  stars  undergoing  large  variations  in  periods  of  several 
months ;  Class  HI.,  irregularly  variable  stars  undergoing  but  slight 
changes  in  brightness ;  Class  IV.,  variable  stars  of  short  period,  like 
/9  Lyrce  or  d  Cephei  ;  Class  V.,  Algol  stars,  or  those  which  at  regular 
intervals  undergo  sudden  diminutions  of  light,  lasting  for  but  a  few 
hours.  The  third  column  gives  the  name  of  the  discoverer,  and  the 
fourth  column  the  date. 

The  last  column,  as  above  stated,  contains  the  number  of  nights  on 
which  each  star  was  observed  by  the  astronomer  whose  designation  is 
attached  to  the  number.  A  dash  preceding  a  designation  shows  that 
the  star  has  been  observed,  but  that  the  number  of  nights  has  not  been 
furnished.  The  abbreviations  employed  have  been  explained  above. 
The  letter  K.  is  preceded  by  two  numbers,  the  first  of  which  relates  to 
observations  made  in  1883. 

Table  I.  is  followed  by  a  series  of  remarks  containing  observed 
dates  of  maximum  and  minimum,  and  other  information  received  from 
the  observers  with  regard  to  particular  stars. 
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TABLE    I.  — Variable  Stabs. 


Bo. 

a  [>. 

».... 

»..,.». 

Dec  IBB. 

Ma, 

Ife 

Pit. 

h    m     i. 

, 

m 

m 

d. 

IV, 

Ceti 

0  15  20 

—20 

45.1 

5.2 

7.6 

1 

51 

T  Caasiopeiie 

li)  29 

6.9 

6.5  —  7.0 

11  —  11.2 

486 

2 

64 

R  Amlromcdrc 

17  28 

+37 

68.1 

5.6  —  86 

<12.8 

404.7 

3 

S  Cell 

17  42 

—10 

7.0  —  8.0 

<10.7 

3230 

4 

B  CftssiiipeiiE 

17  52 

+03 

i7J 

>1 

6 

T  Hidwn 

25  31 

+18 

.'.M 

0.6  —  10.2 

10.5  —  11.0 

lrr. 

a 

94 

a  Cassiopeim 

33  25 

+55 

51.1 

2.2 

2.8 

Irr. 

So 

U  Cepliei 

51   18 

+81 

12.1 

7.0 

9.5 

2.6 

7 

S  Cussionoia) 

1  10  30 

+71 

575 

6.7  —  8.6 

<I3 

616 

B 

S  Fiaciiim 

11     2 

+  8 

16.3 

8.8  —  9.3 

<13 

406.6 

H... 

Pisi-ium 

16  22 

+12 

12.7 

10 

14 

B| 

Cfti 

19  31 

—  4 

30.0 

0.5 

7.8 

Be 

It  Sculptoris 

21  13 

—S3 

11.5 

51 

7* 

207 

e 

R  Pisciura 

24  12 

+  2 

14.1 

7.4  —  8.3 

<12.5 

346 

[0 

S   Arielia 

57  65 

+  11 

55.6 

0.1—9.8 

<13 

288.8 

u 

It  Arietii 

2     9     1 

+24 

7.U  —  8.5 

11.9  —  12.7 

!•■■■  J 

li 

370 

o    Ceti 

13     1 

32.7 

1.7  —  6.0 

8—9 

331.8 

LB 

S   Peraei 

13  54 

+58 

0.8 

8.5! 

11 

It  Ceti 

1939 

—  0 

44.6 

7.0  —  8.7 

<12.8 

167.1 

u 

T  Arietia 

41  22 

+16 

69.8 

7.0  —  8.2 

9.4—0.7 

:;^l 

in 

57  10 

+38 

21.:: 

3.4 

4.2 

Irr. 

17 

496 

fl   Peraei 

8    0    2 

+40 

2.2 

8.7 

29 

18 

It  Peraei 

22    6 

+35 

Il.:[ 

8.1  -  9.2 

11.6 

JIK* 

LQ 

657 

A.    Tauri 

6a  45 

+12 

85 

3.4 

45 

■Mi 

■:,, 

T  Tnuri 

4  14  43 

+  19 

14.3 

9.2  —  11.6 

12.8  — < 

Irr. 

11 

K  Tauri 

21  27 

+  9 

62.9 

7.4  —  9.0 

<13 

3256 

22 

S  Tnuri 

22  22 

+  u 

40.1 

9.9 

<13 

378 

2ii 

Doradui 

86  19 

-63 

HM 

51 

6* 

23 

V  Tauri 

44  48 

+  17 

10.6 

8.3  —  0.0 

<12.8 

1 ,;,-.,', 

24 

R  Orionia 

62  13 

+  7 

56.3 

8.7  —  8.9 

<13 

:;-,- 

16 

877 

t    Auriga? 

53    0 

+48 

3.0 

45 

Irr. 

880 

R  Leporia 

63  55 

—14 

50.7 

6  —  7 

8.51 

437.8 

21 

R  AurigiB 

5    7  12 

+53 

20.8 

6.5  —  7.4 

125  —  12  7 

466 

:';■( 

S   Aurigas 

18  62 

+31 

2.3 

0.4 

<13 

2a    - 

S  Orionia 

22  60 

—  4 

47-6 

8.3! 

<12.3 

jn    IDi): 

8    Orionia 

26  87 

—  0 

23.0 

2.2? 

2.7 

Irr. 

20a  — 

29  42 

—  6 

38.5 

10 

13 

rin    ]i|'.| 

a   Orionia 

48  21 

+  ; 

1.4 

Irr. 

ai   lieu 

tj   Geminorum 

6    7  20 

+22 

22.4 

3.2 

3.7  —  4.2 

289.1 

31a.  — 

Monooerolis 

IS  2K 

B.1 

7 

<10 

33 

1805 

T  MoDocerotit 

18  20 

+  7 

9.1 

6.2 

7.6 

L"i.S 

-;:1 

If  Monocerutis 

32  21 

+  8 

50.7 

9.5 

11.6 

Irr. 

;;t 

1356 

S  Monoeerotis 

31     6 

+10 

0.6 

4.9 

6.4 

&4 

:!.'. 

R  I.yneis 

60  60 

+66 

30.2 

07 

<12-3 

::.', 

188* 

(   Geminorum 

66  41 

+20 

46.1 

3.7 

4.5 

105 

87 

R  Geminorum 

69  40 

+22 

68.8 

6  0  —  7.3 

<12.3 

871.0 

B8 

It  Canis  min. 

7     1  60 

+  1D 

iai 

7.2  —  7.0 

0.5  -10.0 

asM 

3*i 

Puppis 

0  48  ] — a 

205 

a 

<C 

135 

::-■ 

V  Geminorum 

16  10  |+13 

21.6 

12-13J 

•76 

:i-i. 

1417 

U  Monnccrnti* 

24  60    -  0 

31.0 

6.0 

7.2 

46.0 

:!;i 

8   Canis  min. 

25  60    +  8 

85.0 

7.2  —  8.0 

<ll 

l:i2  2 

40 

T  Canis  min. 

27    3  1+12 

0.6 

0.1—9.7 

<18 

:::;..- 

Ci. 

— 

Canii  min. 

84  34    +  8 

40.2 

8* 

13.5 

H 
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.TABLE  I.  — Variable  Stabs. 


Mo. 

ClMi. 

Dbcorerer. 

Date. 

Obserrations,  1884. 

Oa 

Chandler 

1881 

85  Sr. 

1 

II. 

Kriiger 

1870 

4  C.  9  E.  -  Sk.  4  W. 

2 

II. 

Argelander 

1858 

7C.  8D.7E.  -Sk.  44  Sr.  8  W. 

8 

II. 

Borelly 

1872 

1  C.  13  E.  2  P.  -  Sk. 

4 

I 

Tjcho  Brabe 

1572 

— 

5 

IL 

Luther 

1855 

S  C.  7  E.  2  P. 

6 

III. 

Birt 

1831 

1  B.  18  E.  27  Sr. 

6a 

V. 

Ceraski 

1880 

4  Hg.  10  Hn.  7  W.  8  Zk. 

7 

II. 

Argelander 

1861 

4  C.  26  P.  -  Sk. 

8 

II. 

Hind 

1851 

2  C.  6  E. 

8a 

— 

Peters 

1880 

10  P. 

86 

— 

Gould 

1874? 

4Hn. 

8c 

II. 

Gould 

1872? 

— 

9 

II. 

Hind 

1860 

2  C.  1  E.  -  Sk. 

10 

II. 

Peters 

1865 

4  C.  6  P. 

11 

II. 

Argelander 

1857 

6  C.  18  Hn.  8  P.  -  Sk.  12  Zk. 

12 

II. 

Fabricius 

1696 

17  B.  9  C.  -  Hg.  -  Sk.  24  Sr. 

13 

II. 

Kriiger 

1873 

5  C.  9  Hn.  -  Sk.  2  Zk. 

14 

II. 

Argelander 

1866 

9  C.  5  P.  -  Sk. 

15 

II. 

Auwers 

1870 

3  C.  22  Hn.  -  Sk.  12  Zk. 

16 

II.? 

Schmidt 

1854 

47  Sr. 

17 

V. 

Montanari 

1669 

6  B.  3  Hg.  1  Sr. 

18 

II. 

Schonfeld 

1861 

10  C.  9  E.  19  Hn.  -  Sk.  4  W.  12  Zk. 

19 

V. 

Baxendell 

1848 

2  B.  7  Zr. 

20 

— 

Hind 

1861 

1C.  4,1  K.  3  P.  -Sk. 

21 

II. 

Hind 

1849 

6  C.  10  E.  8  P.  -  Sk. 

22 

II. 

Oudemans 

1855 

6C.  8E.  2 P.  -Sk. 

22* 

— 

Gould 

1874? 

— 

23 

II. 

Auwers 

1871 

6  C.  9  P. 

24 

II. 

Hind 

1848 

7  C.  1  E.  1,0  K. 

25 

III. 

Fritsch 

1821 

6  P.  48  Sr. 

26 

IL 

Schmidt 

1855 

6C.  2,0 K.  -Sk.  U.Sr.   .  . 

27 

II. 

At  Bonn 

1862 

7  C.  21  Hn.  2,0  K.  -  Sk.  14  Zk. 

27a 

,-.  IL 

Dune'r 

1881 

7  C.  5  D.  9  P. 

28 

II. 

Webb 

1870 

6  C.  8  E.  7,6  K.  1  P.  -  Sk. 

29 

III. 

J.  Herschel 

1834 

28  Sr. 

29a 

— 

Bond 

1868 

IE.  IP. 

30 

III. 

J.  Herschel 

1836 

8Zr. 

31 

IL? 

Schmidt 

1866 

6  B.  12  Sr. 

31a 

— 

Schonfeld 

1883 

12  Sr. 

32 

IV. 

Gould 

1871 

83  Sr. 

83 

II. 

Schmidt 

1861 

8C. 

34 

IV. 

Winnecke 

1867 

29  Sr. 

35 

II. 

Kriiger 

1874 

11  C.  11  P. 

36 

IV. 

Schmidt 

1844 

1  B.  24  Sr.  1  Zr. 

37 

II. 

Hind 

1848 

6  C.  1,2  K.  25  P.  3  Sr. 

38 

II. 

At  Bonn 

1854 

9  C.  19  Hn.  2,0  K.  7  W.  17  Zk. 

38a 

11. 

Gould 

1872 

7C. 

386 

II. 

Baxendell 

1880 

23,9  K. 

38c 

IL? 

Gould 

1873 

49  Sr. 

39 

II. 

Hind 

1856 

9  C.  6,4  K.  6  W. 

40 

II. 

Schonfeld 

1865 

4  C.  1.0  K. 

40a 

II. 

Baxendell 

1879 

10  C.  29,6  K. 

898 
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TABLE  I.  —  Continued. 


1 

HJ». 

Num. 

R.  A.  1876. 

Dw. 

1875. 

Max. 

i 

1        Mk 

1 

Ptar. 

h.  m.    •• 

° 

i 

m. 

i 

m. 

d. 

41 

_ 

8  Geminoram 

7  35  32 

+28 

44.6 

8.2  —  8.7 

<18 

294.3 

42 

_ 

T  Geminonun 

41  48 

+24 

2.7 

8.1  —  8.7 

<13 

288.1 

42a   — 

S  Pappit 

43    6 

-47 

8.8 

7i 

9 

— 

43  1  — 

U  Geminonun 

47  41 

+22 

19.7 

!  8.9  —  9.7 

13.1 

Irr. 

43a   - 

Puppit 

65    0 

-12 

32 

H 

<14 

810 

44 

_— 

R  Cancri 

8    9  40 

+12 

6.6 

.  6.2  —  8.3 

<11.7 

3514 

45 

^_ 

V  Cancri 

14  86 

+17 

40.9 

;  6.8  —  7.2 

<12 

272 

46 

_ 

U  Cancri 

28  37 

+19 

19.5 

8.2  — 10.4 

<13 

3067 

47 

~~ 

S  Cancri 

86  48 

+19 

29.0 

8.2 

98 

9.5 

48 

8  Hydra 

47    8 

+  8 

32.4 

7.5  —  8.5 

<ii2 

2564 

49 

^_ 

T  Cancri 

49  32 

+20 

19.7 

8.2  —  8.6 

9.8  — 10.6 

484.2 

60 

_ 

T  Hydra 

49  35 

—  8 

89.8 

7.0  —  8.1 

<12.5 

289.4 

60a 

_ 

R  Carina 

9  29    6 

—62 

14.2 

4.4 

9.3 

313 

61 

R  Leonit  min. 

38    4 

+35 

5.2 

6.1  —  7.6 

<11.0 

3747 

52    1752 

R  Leonit 

40  60 

+12 

0.5 

6.2  —  6.4 

9.4  — 10.0 

312.6 

62al  — 

1   Carinas 

41  49 

—61 

65.9 

3.7 

5.2 

31.2 

62&    — 

Leonis 

63    8 

+21 

51.6 

si 

8.6^13 

280' 

62c   — 

Antlias 

10    4  22 

—37 

7.1 

<8 

— 

62a*   — 

Carinas 

5  23 

-00 

56.3 

6* 

9 

— 

62«'  — 

U  Leonit 

17  21 

+14 

38.1 

9! 

Inv. 

— 

62/*  1869 

Hydras 
R  Unas  maj. 

31  22 

—12 

44.1 

4i 

6 

— 

53  ;i880 

35  47 

+69 

25.9 

6.0— ai 

12 

303.4 

64  '  — 

if  Argus 

40  13  . 

—59 

1.6 

>i 

63 

Irr. 

64a   — 

T  Carinas 

60  18 

—59 

61.2 

6.2 

6.9 

— 

65 

__ 

RCraterit 

64  25  ! 

—17 

393 

>8 

<9 

— 

66 

_ 

S  Leonit 

11    4  23 

+  6 

8.5 

9.0  —  9.7 

<13 

187.6 

67     — 

T  Leonit 

82    2 

+  4 

3.9 

101 

<13 

— 

68  :  — 

X  Virginia 

56  27 

+  9 

46.1 

7.81 

<10 

— 

69 

__ 

R  Comas 

67  51 

+19 

28.8 

74  —  8.0 

<13 

368 

60 

_- 

T  Virginia 

12    8  12 

—  6 

20.4 

80  —  8.8 

<13 

337 

61  ,  — 

R  Corri 

13  10 

—18 

:\\.  5 

6.8  —  7.3 

<11.6 

818.6 

61a   — 

—  Virginia 

27  26 

—  3 

4:1.8 

8 

14 

210± 

62  i  — 

T  Unas  maj. 

30  42 

+60 

10  6 

7.0  —  8.3 

12.2 

255.6 

03   2147 

R  Virginia 

32  10 

+  7 

40.6 

6.6  —  7.5 

10.0  — 10.9 

146.7 

63a:  — 

R  Muse® 

34  28 

—68 

43.3 

6.6 

7.3 

0.9 

64     — 

8  Unas  maj. 

38  28 

+61 

46.7 

7.7  —  8.2 

10.2  —  11.1 

224.8 

65 

— 

U  Virginia 

44  46 

+  6 

14.0 

7.7  —  8.1 

12.2  — 12.8 

207.4  x 

66 

— 

W  Virginia 

13  19  35 

—  2 

43.4 

8.7  —  9.2 

9.6  —  10.4! 

17.3 

67 

— 

V  Virginia 

21  21 

—  2 

31.4 

8.0  —  9.0 

<13 

251 

68 

2275 

R  Hydras 

22  63 

-22 

38.0 

4.0  —  5.6 

10? 

409.3 

69   2289 

8  Virginia 

26  29 

—  6 

33.0 

6.7  —  7.8 

12.6 

374.0 

69a   — 

Virginia 

14    3  37 

-12 

42.7 

9 

14 

— 

696 

_ 

R  Centauri 

7  35 

—59 

19.8 

6 

10 

— 

70 

__ 

T  Bootis 

8  14 

+  19 

89.1 

9.7? 

<13 

— 

71 

_ 

S  Bootit 

18  41 

+54 

22.7 

8.1  —  8.6 

13.2 

272.4 

72 

_ 

R  Camelopardi 

27    8 

+84 

23.8 

7.9  —  8.6 

12? 

206.2 

73  J2445 

RBootia 

31  41 

+27 

16.9 

6.9  —  7.6 

11.3  — 12  J 

223.0 

73a  2459 

Bootit 

37  56 

+27 

3.6 

6.2 

6.1 

370? 

736!  — 

Bootit  * 

48  33 

+18 

12.1 

9.1 

12.0  — 13.6 

173.8 

74  .2506 

8   Librae 

64  18 

-  8 

1.2 

4.9 

6.1 

2.3 

74a 

i 

Librae 

16    3  87 

—19 

83.9 

10 

<13.6 

700± 

746 

_ 

R  Triang.  Auatr. 

8  37 

-66 

2.1 

6.6 

ao 

34 

76 

• 

U  Coronas 

18    6 

+82 

6.4 

7.6 

8.8 

&6 

76 

«_ 

8  Libras 

14  18 

—19 

66.1 

8.0 

12.6? 

— 

77 

— 

8  Serpentit 

15  48 

+14 

46.9 

7.6  —  8.6 

12*? 

361.0 

OF  ARTS  AND  SCIENCES. 
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TABLE  I.— Continued. 


No. 

CUM. 

Discoverer. 

Date. 

Observations,  1884. 

41 

II. 

Hind 

1848 

4C. 

42 

IL 

Hind 

1848 

8  C.  4  W. 

42a 

— 

Gould 

1874? 

— 

43 

II.? 

Hind 

1855 

18  C.  38,25  K.  -Sk. 

43a 

II. 

Pickering 

1881 

3C. 

44 

II. 

Schmidt 

1829 

5C. 

45 

II. 

Auwera 

1870 

9  C.  16  P.  -  Sk. 

40 

II. 

Chacomac 

1853 

9C.  10,16  K.  -Sk.  3W. 

47 

V. 

Hind 

1848 

2Hn. 

48 

II. 

Hind 

1848 

6C. 

49 

II. 

Hind 

1850 

6  C.  18  P. 

60 

II. 

Hind 

1851 

IOC. 

60a 

II. 

Gould 

1871 

— 

61 

II. 

Schonfeld 

1863 

7  C.  63  P.  20  Sr. 

62 

II. 

Koch 

1782 

12  C.  -  Sk.  42  Sr.  12  W. 

62a 

— 

Gould 

1871 

6C. 

626 

II. 

Becker 

1882 

8C. 

62c 

— . 

Gould 

1872 

— 

62a* 

— . 

Gould 

1871 

— 

62* 

— 

Peters 

1876 

— 

sr 

— 

Gould 

1871 

— 

IL 

Pogson 

1853 

6  C.  22  Hn.  3,6  K.  82  Sr.  7  W. 

15  Zk. 

64 

11.? 

Burchell 

1827 

— 

64a 

— 

Thome 

1872 

— 

65 

II. 

Winnecke 

1861 

6  C.  -  Sk. 

66 

II. 

Chacomac 

1860 

6C.3W. 

67 

II. 

Peters 

1865 

1C. 

68 

II. 

Peters 

1871 

5C. 

60 

II. 

Schonfeld 

1856 

4  C.  8,3  K.  19  P. 

60 

IL 

Boguslawski 

1849 

6  C.  4  W. 

61 

II. 

Karlinski 

1867 

10  C.  -  Sk. 

Ola 

11. 

Henry 

— — 

9C. 

62 

11. 

Hencke 

1850 

11  C.  -Sk.  26  Sr.  10W. 

03 

II. 

Harding 

1800 

8  C.  33  Sr.  10  W. 

63a 

IV. 

Gould 

1871 

— 

64 

II. 

Pogson 

1853 

11C.  3,5  K.  -Sk.  81  Sr.  10  W. 

65 

II. 

Harding 

1831 

8  C.  -  Sk.  7  Sr. 

66 

IL? 

Schonfeld 

1806 

11C. 

67 

IL 

Goldschmidt 

1857 

11  C.  9  P.  7  W. 

68 

II. 

Miraldi 

1704 

4C.  -Sk.  26  Sr. 

69 

II. 

Hind 

1852 

10  C.  16,0  K. 

60a 

II. 

Palisa 

1880 

7C. 

696 

^_ 

Gould 

1871 

— 

70 

I.? 

Baxendell 

1860 

— 

71 

II. 

At  Bonn 

1860 

8C.  11  Hn.  -Sk.  3W.  7  Zk. 

72 

II. 

Hencke 

1858 

7  e.  10  P.  -  Sk.  4  W. 

73 

11. 

At  Bonn 

1858 

12  e.  6  Hn.  -  Sk.  46  Sr.  6  Zk. 

78a 

— 

Schmidt 

1867 

9  C.  4  Zr. 

786 

ir. 

Baxendell 

1880 

— 

74 

v. 

Schmidt 

1869 

4Zr. 

74a 

IL 

Palisa 

1878 

6C. 

746 

IV? 

Gould 

1871 

— 

76 

V. 

Winnecke 

1809 

8  Hn.  6  Zk. 

76 

IL 

Borelly 

1872 

7  e.  8  P.  -  Sk. 

77 

II. 

Harding 

1828 

10  C.  8  Hn.  7  Zk. 

PROCEEDINGS  OF  THK  AMERICAN   ACADKKT 


TABLE  L— CWuranf. 


"  r    — 

'■»'!-"= 

1b                Jala.          Pit. 

h.  m.    •-        c          , 

m.                   nu             4 

78    2553  8   Cororae 

15  16  18   -t-31   49.1 

6.1  —  73    1L9  — 12-63610 

34  46   -20   48.5 

9                <U          — 

7u   2639  B  Corona! 

43  25   -t-28   32.5 

6.8              13.0         Irr. 

60  1*517   B  SerpeotU 

44  66    +15   30.8 

5.6  —  7.6         <11        3573 

BOa|  —     V  Coron* 

45    4    -4-39   67X1 

7.7                12         390.0 

81      —     B  Libra; 

48  32   —15   61.7 

9.2  —  10.0,       <18        723 

82   2678  T  CntoDX 

54  16    +20    16.5 

2.0 

93           — 

63     —IB  Herculu 

16    0  37    +18   425 

83  — 0.0 

<13        319.0 

83a    —     W  Scarpa 

4  28    —19   483 

10 

<13        224.3 

81     —    T  Scorpii 

9  36   —22   39.9 

<10          — 

85  :  —    B  Scorpii 

10  12   —22   38J 

9  1  — 10.5 

<123     228 

SO     —    S    Scorpii 

10  13   —22   35.2 

9.1  — 10.5 

<I23      176.8 

Boa   —  1       Ophiuchi 

14  40   —  7   24.0 

9.0 

<133     326 

87     —    D  ScorpU 

15  16   —17   85.8 

9! 

<12          — 

87a   —  \       Ophiuchi 

10  46   —12     8.5 

20  16   +19    in  - 

10.5       365 

88     —    C   HerculU 

6.6  —  7.7 

11.1  —  113  408.3 

80   2772  ft    HerculU 

24  32    +42     9.6 

5 

63          Irr. 

90     —    T  Ophiuchi 

26  35   —15  51.8 

10 

<123    !  — 

91     —    S    Ophiuchi 

Ola   —     W  HerculU 

27    4   —16  63.1 

&3  —  9.0 

<32.6     2.133 

30  48    +37   356 

6.0 

<14.o     289 

91A   —          Or*  Min. 

31  40    +72   31.9 

8.0 

10.5        180! 

flic   —     B   1  >:.-■•■■  - 

32  22   +07     0  7 

7.2 

13<       1245.9 

92   2*28  S    llerculii 

46  13   +1.5     9.2 

6.9  —  6.8 

11.6—12.2:303 

9-1   283.1        Ophiuchi 

52  30   —12  42.0 

5.5 

12.6 

93a   —    V   HerculU 

63  41    +33    15.5 

9.0 

11.7 

94  —     B  Ophiuchi 

95  2879  a    Uercalia 

17    0  36  j—15   55.fi 

7.0  -  B.1 

<12 

302.4 

8  57    +14    32.1 

8.1 

3.9 

Irr. 

95a  "2883  U  Ophiuchi 
96  ,2890  u    HerculU 

10  12    +  1   21.0 

6.1 

6.8 

03 

12  42    +33   14.1 

4.8 

6.4 

38.5 

97     - 

Strpi  nlnrii 

23    9  1  -21   J2.4 

>1 

lit'    T>V2 

X   Sagitltrii 

39  41  1—27   46.8 

4 

6 

73 

'.■:>   ■'*•:.: 

W  SagitUrii 

67  2  f-ao  sad 

5 

6.5 

73 

100 

T   HerculU 

18    4  22   +  !1     0.1 

7.2  —  8.3 

114  —  12.1 

166.1 

1"1 

T   Serpent" 
V  Sagiltirii 

22  43 

+  6    13.1 

9.1—10.0 

<12.8 

UU 

1"-' 

21    4 

—  IS    90.9 

7.6  T 

9.6! 

m.; 

U  SagUtarii 

24  32 

—19    12.7 

7.0 

8.3 

6.7 

UK 

T   Aquihe 

3!>  45 

+  8   36.9 

8.8 

93 

Irr. 

106 

3176  B   Scuti 

40  40 

—  S   60  2 

4.7  —  5.7 

8.0  —  83 

71.1 

105a 

—     «    PavonU 

-'■■7    23.2 

4.0 

6.6 

9.1 

104 

3193  0    Lvne 

4-3  28 

+:::i    13  it 

8.4 

4.6 

1 2.0 

in; 

3221 

H   Lynn 

01  32 

+43   47.1 

4.3 

4.6 

463 

108 

S  Coron.  Auilr. 

62  43 

—37     7.2 

9.8 

11.6! 

0.1 

in-.' 

It  Coron.  Auitr- 

63  29 

-37     7.2 

105—  11.5 

<1Z5 

31 

Im 

R   Aquiln 

10    0  21 

+  8     2.8 

04  —  74 

10.9—11.2 

346.1 

111 

T   Sajri  Kuril 

0    1 

—17    11.2 

7.6  —  81 

<11 

:-i 

us 

E   Sngittnrii 

9  21 

—10  81. 1 

7.0  —  7.2 

<13 

2 71  Ml 

118 

S    Sngiltarii 

12    7 

—19   15.1 

9.7  —  10.4 

<I2J 

M 

114 

3396 

B  C.vgni 

33  28 

+49    65.1 

6.9  —  8.0 

13 

!-;.,.:■; 

n,j 

11  Vulpeculc 

42  20 

+27      0.5 

3 

! 

no 

S    Vulpeculie 

43  16 

+26   68.7 

8.4  —  8.9 

9.0  —  9.6 

873 

117 

8484 

X    Cygni 

46  46 

+32    :-:i:.< 

4.0  —  0.0 

12  8 

11  hi  3 

!l- 

MX 

46    fi 

+  0   41.2 

3.5 

4.7 

7J 

110 

S    Cygnl 

20    2  53 

+  .77    37.0 

8.8  —  0.6 

<13 

:i!2* 

120 

E  Capri  com  i 

4  17 

—  11    &*.:* 

8.8  —  9.7 

<as 

S47 

Ud 

~ 

S    Aquibe 

6  62 

+15   14.B 

8.9  —  0.9 

10.7  —  11.8 

MM 
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TABLE  L— Continued. 


No. 

CUM. 

Discorerer. 

Date. 

Obaerotionf ,  1884. 

78 

II. 

Hencke 

1860 

5C.  8Hn.  2,1  K.  -Sk.  46 Sr.  10  W 

78a 

— . 

Peters 

1878 

— 

79 

II.? 

Pigott 

1795 

6  C.  -  Sk.  88  Sr.  10  W. 

80 

II. 

Harding 

1826 

9  C.  5  P. 

80a 

II. 

Dune*r 

1878 

3  C.  16  D.  -  Sk.  8  W. 

81 

II. 

Pogson 

1858 

8  C.  1,1  K. 

82 

I. 

Birmingham 

1866 

21  B.  7  Hn.  3,1  K.  2  P.  4  Zk. 

83 

II. 

At  Bonn 

1855 

2  C.  10  Hn.  4  P.  6  Zk. 

83a 

II. 

J.  Palisa 

1877 

4  C.  6  P. 

84 

I. 

Auwers 

1860 

3C. 

86 

II. 

Chacornac 

1863 

6  C.  11,1  K.  6  P. 

86 

II. 

Chacornac 

1854 

6  C.  7,1  K.  6  P. 

86a 

II. 

Schonfeld 

1881 

7C. 

87 

I.? 

Pogson 

1863 

— 

87a 

— 

Dundr 

1881 

8  C.  11  D. 

88 

IL 

Hencke 

1860 

3C. 

89 

III. 

Baxendell 

1857 

83  Sr. 

90 

II. 

Pogson 

I860 

2C. 

91 

II. 

Pogson 

1864 

2  C.  1  Hn. 

91a 

— 

Dune'r 

1880 

14  C.  8  Hn.  9P.4W.  6  Zk. 

916 

II. 

Pickering 

1881 

11  C.  1,1  K.  -Sk. 

91c 

II. 

Geelmuyden 

1876 

9  C.  -  Sk.  86  Sr.  12  W. 

92 

II. 

At  Bonn 

1856 

4  C.  10  Hn.  -  Sk.  7  Zk. 

93 

I. 

Hind 

1848 

— 

98a 

IL 

Baxendell 

1880 

9C. 

94 

II. 

Pogson 

1853 

8C. 

95 

III. 

W.  Herschel 

1796 

3Zr. 

95a 

V. 

Sawyer 

1881 

5  Sr.  4  W. 

96 

III. 

Schmidt 

1869? 

3Zr. 

97 

I. 

Fabricius 

1604 

2Zr. 

98 

IV. 

Schmidt 

1866 

=29  Sr. 

99 

IV. 

Schmidt 

1866 

85  Sr. 

100 

II. 

At  Bonn 

1857 

7  C.  11  Hn.  -  Sk.  7  Sri  6  Wi  0  Zl 

101 

II. 

Baxendell 

1860 

2  C. 

102 

II. 

Quirling 

1865 

2C. 

103 

IV. 

Schmidt 

1866 

1C. 

104 

II. 

Winnecke 

1860 

1C. 

105 

IL 

Pigott 

1795 

89  Sr. 

105a 

IV. 

Thome 

1872 

— 

106 

IV. 

Goodricke 

1784 

10  Zr. 

107 

IL? 

Baxendell 

1856 

62  Sr. 

108 

IV? 

Schmidt 

1866 

— 

109 

II? 

Schmidt 

1866 

— 

110 

II. 

At  Bonn 

1856 

1  C.  -  Sk. 

111 

II. 

Pogson 

1863 

1  C.  -  Sk. 

112 

IL 

Pogson 

1858 

5  P.  -  Sk. 

118 

n. 

Pogson 

1860 

10  P.  -  Sk. 

114 

II. 

Pogson 

1852 

8  C.  9  Hn.  12  P.  -  Sk.  5  Zk. 

115 

I. 

Anthelm 

1670 

2Zr. 

116 

II. 

Hind 

1861 

4  C.  13  Hn.  5,0  K.  4  W.  6  Zk. 

117 

II. 

Kirch 

1686 

2  C.  2  Hn.  66 P.  -Sk.  41  Sr.  5  W.  2 

118 

IV. 

Pigott 

1784 

79  Sr. 

119 

II. 

At  Bonn 

1860 

6  C.  7,17  K.  18  P. 

120 

II. 

Hind 

1848 

-Sk. 

121 

II. 

Baxendell 

1863 

2  C.  11  E.  2  P.  12,14  K. 
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TABLE  L— G 


So.    !HP.               Sum. 

R.A.1S75. 

^ 

UTS. 

Max. 

Misu 

r*. 

h.   m.    ■. 

- 

4 

^ 

m 

4. 

122 

—    R  Sagitts? 

20    8  22 

+16 

21.0 

8.5  —  8.7 

9.8—10.4 

70.4 

123     —    R  Delphini 

8  53 

-+-  8 

42.7 

7.6  —  8.5 

128 

284.0 

124   3547  P  Crgni 

13  11 

+37 

88.7 

3  —  5 

<6 

— 

125     —    UCygni 

15  44 

-t-47 

301 

7.8! 

9.8!      ; 

— 

126  3557  R  Cephei 

34  29 

H-88 

45.2 

5! 

10! 

— 

126a Cygni 

37  17 

+47 

41.8 

8 

12 

423. 

127  I  —    8  Delphini 

37  19 

+16 

3&4 

8.4  —  8.6 

10.4  —  11.1 

275.6 

128  '  —   T  Delphini 

89  34 

+15 

OO.I 

8.2  —  8.9 

<13 

331.4 

\£)     —   U  Capricorni 

41  11 

—15 

14.410.2—10.8 

<13 

.203* 

19)   3554  T  Cygni 

42  12 

+33 

66.0 

5.5! 

6! 

— 

191     —   T  Aquarii 

43  20 

—  5 

86.5 

&7  —  7  0 

12.4  — 12.7 

2012 

132 

—    R  Valpecnhe 

68  49 

4-23 

19.5 

7.5  —  8.5 

12.5  —  13.0137.5 

132a:  —  |     Capricorni 

21    0  19 

—24 

265 

H 

14 

i  — 

1326-  —   T  Cephei 

7  52 

+67 

68.9 

5.6 

,        9.5 

382 

is* 

—  :T  Capricorni 

15    6 

—15 

41.4 

a9  — 9.7 

<1S 

,200.4 

134 

—   8  Cephei 

36  45 

+78 

3.6 

7.4  —  8.5 

,       11.5 

i486 

134a 

—  .Note  Cygni 

37    2 

+42 

18  2; 

| 

|  - 

135 

3845  ii  Cephei 

39  41 

+58 

12.4| 

4? 

5! 

Irr. 

136 

—  T  Pegasi 

22    2  48 

+11 

65.7 

8.8  —  9.3 

<125 

367.5 

137 

39818   Cephei 

24  32 

+57 

46.6 

3.7 

4.9 

64 

137a 

—  J     Lacerta? 

87  43 

+41 

43.01 

8.6 

<13.5 

315. 

138 

—   S  Aquarii 

60  25 

—21 

0.6 

7.7—9.1 

<11.5 

279.4 

139 

4078/9  Pegasi 

57  45 

+27 

24.2 

22 

2.7 

Irr. 

140 

—    R  Pegasi 

23    0  22 

+  9 

62.1 

6.9  —  7.7 

121 

382.0 

141 

—   S  Pegasi 

14  14 

+  8 

14.2 

7.6 

<12.2 

— 

142 

4193  R  Aquarii 

37  21 

—15 

68.7 

5.8  —  8.5 

11! 

388.0 

143 

4234  R  Cassiopeia 

1 

52    4 

H-50 

1 

41.5 

1 

4  8  —  6.8 

<12 

1 

425.9 

Remarks. 

2.  Max.  1883,  December  1.    Sr. 

C.  Light  has  remained  nearly  constant    Sr. 

6a.  Min.  1884,  February  19,  March  16,  August  24,  September  8.    Hg. 

12.  Max.  1884,  March  6  (approximate).    Magn.  4.6.    Sr. 

16.  Light  has  remained  nearly  constant.    Sr. 

17.  Min.  1884,  February  5,  February  28,  September  27.  Hg.  — 1884,  Norem- 
ber  29, 13h.  39m.  G.  M.  T.    Duration  of  observations,  4h.  36m.    Sr. 

25.  Max.  1884,  February  27.    Min.  1884,  January  18,  March  la    Sr. 

27a.  Approximate  period,  270  days.    D. 

29.  Light  apparently  constant.    Sr. 

81a.  Max.  1884,  December  10  (approximate).    Sr. 

386.  Max.  1883,  February  26.    Magn.  8.6.    K. 

38c.  Max.  1884,  February  3,  March  11.  Min.  1884,  January  6,  February  24, 
April  9.    Sr. 

48.  Max.  1883,  October  25;  1884,  January  28,  October  24.  Hg— 1883, 
January  80  (approximate).  Magn.  about  9.5.  1884,  January  26.  Magn.  9.6. 
1884,  May  15  (approximate).    1884,  October  22.    Magn.  9.4.    K. 

46.  Max.  1884,  March  8.    Magn.  8.5.    K. 

62.  Max.  1884,  February  6  (approximate).    Magn.  6.7.    Sr. 


OF  ARTS  AND   SCIENCES. 


403 


TABLE  I.— Continued. 


No. 

CUM. 

Discoverer. 

Date. 

Obferrations,  1884. 

122 

II.? 

Baxendell 

1859 

2  C.  22  E.  11  Hn.  1  P.  6  Zk, 

128 

II. 

Hencke 

1859 

1  C.  8  Hn.  -  Sk.  4  Zk. 

124 

I. 

Janson 

1600 

11  Zr. 

125 

II. 

Knott 

1871 

3  C.  13,20  K.  16  P.  -  Sk. 

126 

II.? 

Pogson 

1856 

1  C.  32  E.  -  Sk. 

126a 

II. 

Birmingham 

1881 

-  Hg.  11,8  K.  5  P. 

127 

II. 

Baxendell 

1860 

2  C.  12  E.  8  P.  -  Sk. 

128 

II. 

Baxendell 

1863 

4  C.  12  E.  18,17  K.  -  Sk.  4  W. 

129 

II. 

Pogson 

1858 

13  P. 

180 

— — 

Schmidt 

1864 

7  E.  85  Sr. 

131 

II. 

Gold  schmidt 

1861 

3  C.  12  P.  -  Sk. 

132 

II. 

At  Bonn 

1858 

4  C.  12  E.  13,16  K.  2  P.  5  W. 

132a 

— 

Peters 

1867 

12  C.  7  P. 

1326 

II.? 

Ccraski 

1878 

12  E.  -  Hg.  29,25  K.  -  Sk.  4  W. 

133 

II. 

Hind 

1854 

9  P. 

134 

II. 

Hencke 

1858 

6  C.  12  E.  -  Sk. 

134a 

I. 

Schmidt 

1876 

— 

185 

III.? 

Hind 

1848 

2B.  1  C.  12  E.  IP.  -Sk.  10  Zr. 

136 

II. 

Hind 

1863 

2  C.  9  P. 

137 

IV. 

Good  ri  eke 

1784 

10  Zr. 

137a 

— 

Deichmiiller 

1883 

4  C.  7  E.  -  Hg.  6,16  K. 

138 

II. 

Argelander 

1853 

4  P.  -  Sk. 

139 

III. 

Schmidt 

1847 

9  B.  28  Sr. 

m 

140 

II. 

Hind 

1848 

1  C.  5  E.  1  P. 

141 

II. 

Marth 

1864? 

4  C.  2  E. 

142 

II. 

Harding 

1811 

4  C.  8  P.  -  Sk.  21  Sr. 

143s 

II. 

Pogson 

1853 

8C.  1,0  K.  8  P.  -Sk. 

68.  Max.  1884,  August  29.    Magn.  7.1.    Sr. 

62.  Max.  1884,  October  17.    Magn.  7.8.    Sr. 

63.  Max.  1884,  April  11.    Magn.  7.1.    Sr. 

64.  Max.  1884,  September  17  ±  1  day.    Magn.  7.7.    Sr. 
73.  Max.  1884,  October  6.    Magn.  7.  6.    8r. 

78.  Max.  1884,  May  5.    Magn.  7.3.    Sr. 

79.  Slight  fluctuations  of  light.    Sr. 

80a.  Max.  1878,  October  21.7.    Period,  866.02  days.    D. 

85.  Max.  1883,  July  9.    Magn.  10.1.    K. 

87a.  V  Ophiuchi.    Approximate  period  800  days.    D. 

89.  Max.  1884,  June  27,  September  8,  October  22.  Min.  1884,  May  80, 
August  4,  September  23,  November  14.    Sr. 

91c.  Max.  1884,  September  6.    Magn.  7.6.    Sr. 

105.  Max.  1884,  June  7,  August  3,  October  17,  November  80  (approximate). 
Min.  1884,  July  12,  September  15,  November  11.    Sr. 

107.  Two  remarkable  outbursts  of  light  observed  in  1884,  from  November  7 
to  11,  and  from  November  21  to  30.    Sr. 

117.  Max.  1884,  November  23.    Magn.  6.4.    Sr. 

119.  Max.  1884,  early  in  December.    K. 

125.  Max.  1884,  February  1.  Magn.  7.8.  Period,  461  days.  Min.  1883, 
June  14.    Magn.  11.5.    1884,  September  21.    Magn.  11.1.    K. 
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TABLE  II.    -Jsoei  to  Design, 


Conns  l.iti"  u. 

S. 

B. 

T 

« 

'■■ 

» 

■m. 

Andromeda 
An  ilia 
Aquariiu 
Aquila 
Argo 

Auriga 

Caroclopardui 

Can ii  Minor 
Capricomui 
Carina 

Cenlnuru* 

Ceplieus 

CUM 

Cum  a  Beren. 

Corona  Au». 

Corona  Bor. 

Crater 
Cygnui 
Delphinu* 

Ooradui 

Hercules 
Hydra 

Lou  Minor 

vSM 

Lynx 

Lyra 

Monooeroi 

Muica 

Oph  in  chin 

Orion 

I'avo 

Sagilta 

Sagiiiarius 

Scorpiui 

Sculpior 

Sculum 

Serpen! 

Tauraa 

Trianir.  Am. 
Una  Major 
Una  Minor 

Vulpccula 

2 

-,62t. 

u.iia 

*.2& 

-,78a.   -,78ft. 

-.40o. 
-.lttia. 

■,■•:■...   -..'.2./. 
U.4.  *6. 

m.136.  8.187. 
-.On    -,8ft.  «,I2. 

X.U7.P.124. -,126a 

->28fl. 

•  31     (.38. 

,i  tw    a.'Jo.  b.90. 

-.i3;u. 

-.626. 

a,71   ~.74a.  -,78a. 

0,108. 
-,31a. 

-.86a.  -,87a.  -.91 

J29.   -,29a.  a.30. 

r.KMa. 

S.189. 

f,10    fl,17. 

-Istto.   43a. 

X.98. 

See  Opliiuchui. 
A.19. 

-91ft. 

X.68.  -.61a.  -,69a. 

11,116. 

Nova,  184a. 
Nova,  97. 

142 
110 

11 

27 

73 

72 

44 

88 
120 

60a 
143 

69ft 
126 

14 

60 
lli'.i 

79 

81 

65 
III 
123 

l-'l 

10 
27a 

;i 

131 

!■•) 

15 

70 

"i 

49 

J.' 

U8 

:.).. 

I 

46 

46 

129 

1:1 

3 

us 

&• 

108 

82 

76 

Ml. 

1!!' 

in 

..ii 

IM 

91c 
87 
83 

68 

41 
99 

1- 

u 

II. 1 

60 

48 
B8 

::- 

oi« 

62 
61 
26 
81 
86 

nn 

88 
63a 
94 
314 

60 

67 

62* 

7ii 

■il 

88 

B8< 

01 
28 

90 

96o 

140 
18 

112 
86 

106 

so 

141 

13 
6 
4  J 

186 
"6* 

11:1 

80 

111 
84 

109 

Wl 

83» 

77 

101 

21 

74ft 
68 

22 

» 

S3 

04 

63 

83 
182 

n 

M 

66 

67 

60 
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128.  Max.  1888,  October  6.    Magn.  9.6.    1884,  September  16.    Magn.  0.0.    K. 

132.  Min.  1884,  August  10.  Magn.  12.7.  Max.  1884,  October  15.  Magn.  7.6. 
K. 

1326.  Max.  1883,  February  6.  Magn.  6.8.  1884,  March  7.  Magn.  6.8.  Min. 
1883,  August  23.    Magn.  9.9.     1884,  August  11.    Magn.  9.7.     K. 

142.  Max.  1883,  December  25  (approximate).    Magn.  6.8.    Sr. 

Table  II.  enables  the  number  of  any  star  in  Table  I.  to  be  found 
from  its  usual  designation.  The  constellations  are  arranged  alpha- 
betically in  the  first  column,  and  the  numbers  are  placed  under  the 
respective  headings  R,  S,  T,  U,  V,  and  W.  Thus  R,  S,  and  T  Aquarii 
are  respectively  Nos.  142,  138,  and  131  in  Table  I.  In  the  column 
headed  "  Misc."  are  given  other  designations ;  thus  17  Aquila  is  No. 
118,  and  9  Argus  is  No.  54.  The  number  is  preceded  by  a  dash  when 
no  letter  has  been  definitely  assigned  to  the  corresponding  star ;  thus, 
-,52c  in  the  second  line  indicates  that  a  variable  star  in  Antlia,  No.  52c 
in  Table  I.,  has  not  been  definitely  designated  by  a  letter. 

The  list  of  suspected  variables,  given  in  Table  II.  of  the  statement 
made  in  1884,  is  not  here  repeated,  since  from  the  nature  of  the  case 
such  a  list  can  only  be  provisional.  It  should  be  remarked  that  all 
the  stars  which  were  inserted  on  the  authority  of  Dr.  Peters  are  con- 
sidered by  him  to  be  certainly  variable.  Dr.  Duner  also  furnishes  the 
place  of  a  variable  star  which  he  observed  on  23  days  in  1884 ;  it  was 
not  given  in  either  of  the  tables  published  last  year.  The  place, 
reduced  to  1875,  is  as  follows:  R.  A.  14h.  24m.  41s.,  8  +39°  25'.2. 
The  period  is  about  405  days.  Four  variable  stars  were  detected  by 
means  of  the  observations  made  for  the  Cordoba  Zone- Catalogue ;  see 
that  work,  p.  xiv.,  and  Dr.  Gould's  letter  in  the  Astronomische  Nach- 
richten,  CXI.  63.  The  places  for  1875  are  as  follows:  R.  A.  15h. 
45m.  22s.,  Dec.  —35°  55'.3  ;  R.  A.  22h.  10m.  53s.,  Dec.  —30°  13'.6; 
R.  A.  22h.  27m.  4s.,  Dec.  —67°  55'.9 ;  R.  A.  23h.  49m.  58s.,  Dec 

"0°  28'.9. 


Table  III.  indicates  the  progress  of  observation  of  suspected  vari- 
-ables  given  in  Table  II.  of  the  statement  made  in  1884.  The  stars 
are  designated  in  the  first  column  by  Mr.  Chandler's  provisional 
numbers,  as  in  the  previous  statement.  The  second  column  gives  the 
number  of  observations  made  by  each  observer,  as  in  the  last  column 
of  Table  I.  The  third  column  indicates  the  result  of  these  obser- 
vations. 


406 


PBOCEEDEtGS  OF  THE  AMERICA*,  ACADEMY 


TABLE  IIL  —  Observations  of  Suspected  Vabtabt.kjl 


So.   I 

1 

Ota.  1*4. 

RttOlU. 

So. 
316 

Ofas.1884.                  Bmns. 

1 

17  Ho. 

Constant 

16  Hn.  14  Zk.             Constant 

0 

IIP. 

347 

32  Hn.  29  Zk.             Constant 

47 : 

2B. 

. 

366 

16  Hn.   16  Zk.             Constant 

73 

7  P. 

373 

28  Hn.  26  Zk.             Constant. 

81 

IB. 

■ 

407 

14  Hn.  14  Zk.             DoobtfnL 

87 

9  P. 

469 

6  P.                          ,  Variable. 

98 

6K. 

471 

4  P.                          \ 

111 

2  B.  7  Ho.  4  Zk. 

Constant 

509 

1 B.  28  Hn.  20  Zk.    Constant. 

118 

6Hn.  8Zk 

Constant. 

.  647 

2B.  22 Hn.  12 Zk.    Constant 

189 

6  P. 

567 

7  P. 

143 

7  P. 

601 

5  P. 

146 

8Hd.  8Zk. 

Constant. 

616 

14  P. 

147 

9  Hn.  8  Zk. 

Constant 

625 

13  Hn. 

Constant 

206 

21  P. 

Prob.  rar. 

636 

2K. 

294 

UP. 

Variable. 

i 

It  18  hoped  that  observers  of  variable  stars  will  continue  to  furnish 
accounts  of  their  work  during  each  year  as  soon  as  possible  after  its 
close.  It  is  desirable  that  these  accounts  should  be  received  at  the 
Harvard  College  Observatory  as  early  as  February  1  of  the  following 
year. 
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XVIII. 

A  PHOTOGRAPHIC  STUDY  OF  THE  NEBULA  OF 

ORION. 

m 

By  Edward  C.  Pickering. 

Presented  March  11, 1886 

No  portion  of  the  heavens  has  been  more  carefully  studied  than  that 
containing  the  Nebula  of  Orion.  The  monographs  by  Prof.  O.  P.  Bond 
(Annals  Harvard  College  Observatory,  V.)  and  by  Prof.  E.  S.  Holden 
(Washington  Astronomical  Observations  for  1878,  Appendix  I.)  show 
the  vast  amount  of  material  collected  by  eye  observations.  For  a  pho- 
tographic study  of  the  same  region  the  following  specimens  are  in  the 
photographic  collection  of  the  Harvard  College  Observatory :  — 

A.  Artotype  enlargement  of  the  first  photograph  of  the  nebula  taken 
by  Dr.  Henry  Draper,  September  30,  1880.     Exposure,  51  minutes. 

B.  Artotype  enlargement  of  a  photograph  taken  by  Dr.  Henry  Dra- 
per, March  11,  1881.     Exposure,  106  minutes. 

C.  The' original  negative  taken  by  Dr.  Henry  Draper  on  March  14, 
1882.  Exposure,  136  minutes.  This  negative,  except  for  a  slight  pho- 
tographic blemish,  is  nearly  identical  with  that  from  which  D.  was  taken. 

D.  An  enlarged  glass  positive  of  the  second  photograph  taken  by 
Dr.  Henry  Draper,  March  14,  1882.  Exposure,  137  minutes.  This 
positive  is  a  duplicate  of  that  employed  in  making  the  paper  prints,  E. 
The  two  positives  were  taken,  and  any  objects  resembling  stars,  but 
not  found  on  both,  were  assumed  to  be  defects,  and  were  painted  out 
of  the  other  positive  by  Dr.  Draper. 

E.  Several  artotype  enlargements  of  the  second  photograph,  taken 
March  14,  1882,  by  Dr.  Henry  Draper. 

F.  Carbon  print  of  photograph  taken  by  Mr.  Common  with  his  3-foot 
reflector,  January  30,  1883.  Exposure,  39  minutes.  Enlargement 
about  7  times. 

G.  Glass  positive,  —  a  direct  copy  of  the  negative  taken  by  Mr. 
Common  with  his  3-foot  reflector,  Februarv  26,  1883.  Exposure,  60 
minutes. 
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Admirable  material  is  thus  furnished  for  a  comparison  of  the  re- 
sults of  photographic  and  eye  observations  of  this  region.  The  pho- 
tographs of  the  stars  which  are  common  to  F  and  to  the  catalogue 
of  Professor  Bond  (Annals,  V.  270)  were  first  compared  by  a  method 
closely  resembling  that  adopted  by  Argelander  for  the  study  of  varia- 
ble stars.  Table  I.  gives  the  stars  which  were  selected  for  standards, 
with  which  the  others  are  to  be  compared.  Each  star  in  the  photo- 
graph was  then  compared  with  two  of  these,  —  one  a  little  brighter,  the 
other  a  little  fainter.  The  differences  were  estimated  in  grades.  The 
sum  of  the  two  differences  -gave  a  measure  of  the  interval  between 
the  two  comparison  stars.  It  frequently  happened  that  no  difference 
in  brightness  was  perceptible  between  the  star  to  be  measured  and 
one  of  the  comparison  stars.  The  number  of  measures  of  star  inter- 
vals between  the  comparison  stars  is  therefore  less  than  the  number 
of  stars  compared.  In  Table  I.  the  successive  columns  give  for  each 
comparison  star  a  designation,  and  the  number  and  magnitude  in  the 
Bond  catalogue.  The  next  column  gives  the  photographic  magnitude, 
found  by  a  process  which  will  be  detailed  below.  This  is  followed  by 
the  number  of  comparisons  between  each  star  and  that  following  it, 
and  the  mean  value  of  this  difference  in  grades.  The  last  column 
gives  the  assumed  brightness  in  grades,  aud  equals  the  number  of 
grades  by  which  each  star  is  fainter  than  the  first  on  the  list 


TABLE  I. 


Bond 

Bond 

Photog. 

No. 

Dift 

Detig. 

No. 

Magn. 

Mmgn. 

Comp. 

Gradca. 

Grade*. 

a 

570 

0.4 

9.4 

1 

1.0 

0 

b 

605 

11.3 

9.5 

3 

3.0 

1 

c 

523 

10.1 

9S 

2 

2.5 

4 

d 

47ft 

10.0 

10.1 

5 

2.4 

7 

e 

449 

10.5 

10.4 

8 

8.0 

9 

f 

427 

10.7 

10.9 

8 

3.0 

12 

g 

506 

11.3 

11.3 

5 

2.0 

15 

li 

458 

11.2 

11.6 

7 

4.2 

17 

• 

1 

373 

12.0 

12.3 

3 

3.0 

21 

• 

j 

400 

13.0 

13.0 

0 

2.9 

24 

k 

378 

14.8 

13.8 

6 

3.0 

27 

1 

490 

14.2 

14.8 

5 

2.8 

80 

ra 

737 

15.0 

15.6 

.... 

•  •  •  • 

83 

The  light  of  each  star  measured  was  next  reduced  to  grades  by  the 
assumed  light  in  grades  of  the  comparison  stars.  Two  values  were 
found, — one  derived  from  the  brighter,  the  other  from  the  fainter 
comparison  star.    In  50  cases  the  results  agreed  exactly,  in  11 
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they  differed  by  one  grade,  and  in  one  case  only  by  two  grades.  The 
relation  between  the  grades  and  the  scale  of  magnitude  of  the  Bond 
Catalogue  was  next  found  by  grouping  the  stars  by  half-magnitudes. 
The  middle  points  of  each  group  are  given  in  the  first  column  of  Table 
II.,  the  number  of  stars  in  the  group  in  the  second  column,  and  the 
mean  of  the  corresponding  values  in  grades  in  the  third.  Points  were 
then  constructed  with  the  first  and  third  columns  as  ordinates,  and  a 
smooth  curve  drawn  through  them.     The  comparative  values  of  the 

TABLE  II. 


Bond  Magn. 

No.  Stan. 

Or. 

Bond  Magn. 

No.  Stars. 
7 

Or. 

9.5 

2 

0.5 

18.0 

22.7 

10.0 

10 

6.1 

13.5 

4 

27.5 

10.5 

11 

9.4 

14.0 

14 

27.2 

11.0 

11 

11.9 

14.5 

•  •  •  • 

•  •  •  • 

115 

12 

10.8 

15.0 

9 

306 

12.0 

3 

18.7 

16.5 

1 

37.0 

12.6 

9 

24.8 

grades  and  magnitudes  derived  from  this  curve  are  given  in  Table 
III.  Applying  the  results  of  this  table  to  the  last  column  of  Table  I. 
gives  the  fourth  column  of  that  table.  The  results  for  all  the  stars  in 
the  Bond  Catalogue  differing  less  than  1 000"  in  right  ascension  and 
declination  from  &  Ononis,  the  brightest  star  in  the  nebula,  are  given 

TABLE  III. 


Or. 

Uagn. 

Or. 

Magn. 

Or. 

Magn. 

0 

9.4 

12 

10.9 

24 

13.0 

1 

9.5 

13 

11.0 

25 

13.2 

2 

9.6 

14 

11.2 

26 

13.6 

3 

9.7 

15 

11.3 

27 

13.8 

4 

9.8 

16 

11.6 

28 

14.1 

5 

9.9 

17 

11.6 

29 

14.6 

6 

10.0 

18 

11.8 

80 

14.8 

7 

10.1 

19 

12.0 

81 

16.1 

8 

10.3 

20 

12.1 

32 

16.3 

9 

10.4 

21 

12.3 

33 

15.6 

10 

10.6 

22 

12.5 

84 

16.8 

11 

10.7 

23 

12.7 

35 

16.1 

in  Table  IV.  The  first  four  columns  give  the  number,  difference  in 
right  ascension  and  declination  from  &  Orionis,  and  magnitude  accord- 
ing to  the  Bond  Catalogue.  The  fifth  column  gives  the  magnitude 
found  as  described  above  from  F,  the  photograph  of  Mr.  Common. 
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TABLE  IV. 


Wmi 

i 

r 

A*. 

.     Bml 

Commam      Dmcr 

5o. 

M*ffn.         M 

Camwmm*      Draper. 

aos    ' 

— 979.2 

-*-  13.9 

1       99 

100 

•  -  • 

:    + 1    i    .. 

311 

—928.2 

+ 681.9 

.     10.7 

a        ,     . 

•  •  • 

*  •  •  •                •  • 

314 

—923.1 

— 307.8 

114 

11.6    '     . 

•  •  • 

+  2         .. 

315 

— 921JS 

—8254 

:    10.2 

103  :   . 

•  •  • 

+  i    !    .. 

323 

— «*;.4 

—816.6 

1     10.7 

10.7    ;     . 

•  •• 

i        °   i    - 

329 

— £67.6 

—626.9 

14.2 

d    1  . 

•  •  * 

• 

•  •  •  *               •  • 

332 

— 863.9 

—646.8 

14.8 

d      !    • 

•   m  • 

•  *  •  •               •  • 

335 

—851.6 

—239.0 

!     10.9 

10.6    ,     . 

■   •   • 

—  3          .. 

339 

I    —839.7 

—446.6 

,     14.8 

14.8    ,     . 

•  •   • 

o    .      • 

310 

—833.4 

—947  1 

10.7 

10.9    1     . 

•   •   • 

+  2          .. 

317 

—829.4 

1    —462.6 

1     14.8 

c 

... 

'     t     .. 

303 

—772.4 

i    +  663 

10.7 

.     10.3 

.  •  . 

—  4    *     .. 

370 

—746.6 

'    —  66.3 

13.3 

14.1 

•  •  • 

-r  * 

373 

—732.9 

—  70.5 

12.0 

12  3 

•  •  • 

+  3 

377 

—724.1 

—625.0 

11-3 

11.5 

.  •  . 

+   2      =       .. 

378 

—720.3 

!    —107.1 

,     14.8 

13.8 

*  •  • 

-10 

382 

—703.5 

1    —  45.0 

11.7 

11.2 

•   •  • 

—  6 

387 

—687.0 

1   "2br2 

10.4 

10.2 

•   •  • 

—  2          .. 

399 

—644.9 

+  15.4 

12.5 

12.5 

•    •  • 

0 

402 

—635.1 

—314.2 

12.3 

11.3 

•    •    • 

-io   ;    .. 

400 

—608.9 

—539.2 

:     13.9 

13.0 

... 

I    -0    I     .. 

413 

—093.4 

—776.6 

1     15.0 

14.8 

•   •   • 

—  2 

419 

—574.7 

—701.7 

14.2 

d 

•    •   • 

•  •  •  •                    •  • 

423 

—558.3 

+ 790.8 

10.8 

a 

•    •   • 

•  •  •  •                    •  • 

427 

—546.6 

—  71.1 

10.7 

10.9         1 

1.6 

+  2         + 

9 

480 

— 512.2 

— 200.8 

11.7 

11.5         1 

1.8 

-2         + 

1 

435 

—530.1 

+  30.9 

13.1 

12.0 

•  •  • 

—11 

•  • 

438 

—525.9 

-f  963.4 

94 

a 

•  •  • 

•  •  •  •                    •  • 

•  • 

443 

—519.6 

+ 649.4 

13.1 

c 

•  •  • 

•  •  •  •                    •  • 

•  * 

449 

—495.5 

+290.3 

10.5 

10.4          1 

0.8 

-1         + 

3 

458 

—464.7 

—107.8 

11.2 

11.6          1 

2.0 

+  4         + 

8 

464 

—442.6 

—946.4 

14.2 

•  14.8 

•  •  • 

+  6 

•  • 

467 

-431.0 

—4558.6 

8.7 

8.8 

9.4 

+  1         + 

7 

471 

—420.0 

— 836.6 

14.8 

14.8 

•  •  • 

0 

•  • 

479 

—400.4 

+272.3 

10.0 

10.1         1 

0.5 

+  1         + 

6 

490 

—380.7 

—  49.3 

14.2 

14.8 

•    9   m 

+  6 

•  * 

4(17 

— 356.1 

—592.2 

9.9 

10.3         1 

0.7 

+  4         + 

8 

605 

— 309.6 

—424.7 

9.6 

9.6 

9.6 

0 

0 

606 

—306.0 

+     5.6 

11.3 

11.3         1 

1.4 

0         + 

1 

608 

—300.9 

+704.3 

12.3 

14.5 

•  •  • 

+22 

•  • 

610 

—290.9 

—605.9 

13.1 

13.5 

*  «  • 

+  4 

•  • 

516 

—276.0 

—  29.5 

13.5 

13.8 

•  •  • 

+  3 

•  • 

523 

—242.3 

—116.0 

10.1 

10.2         1 

0.0 

+  1         — 

1 

624 

—241.4 

+  16.8 

12.6 

13.4 

•  •  • 

+  9 

•  • 

632 

—218.6 

+449.6 

14.2 

d 

•  •  • 

....          •  • 

*  • 

543 

—196.1 

+909.4 

10.3 

a 

•  •  • 

.  • « .          •  • 

•  • 

546 

—1956 

—401.3 

13.1 

13.8 

•  •  • 

+  7 

•  • 

651 

—175.1 

+610.8 

10.1 

11.0         1 

1.4 

+  9        + 

13 

652 

—109.2 

—398.3 

14.9 

d 

. . . 

.  .  .  •                   .  . 

. . 

654 

— 163.1 

+666.0 

9.0 

9.4 

9.4 

+  4         + 

4 

658 

—158.9 

— 11&6 

10.7 

11.7         1 

1.2 

+10        + 

6 

663 

—120.0 

+990.6 

14.4 

a 

.  • . 

....                   • • 

•  • 

666 

—104.1 

—406.3 

13.3 

13.0 

. .  • 

—  3 

•  • 

667 

—102.8 

—    8.3 

13.9 

6 

•  •  • 

• .  •  •         •  • 

. . 

670 

—  018 

—273.2 

9.4 

9.4 

9.3 

0        — 

1 
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TABLE  IV.  —  Continued. 


Bond 

Aa. 

A3. 

Bond 

Common 

Draper 

Rarid. 

No. 

Magn. 

Magn. 

Magn. 

Common. 

Draper. 

673 

—87.8 

—179.0 

13.9 

12.5 

•  •  •  • 

—  6 

576 

—84.8 

—  22.8 

11.9 

6 

•  •  •  • 

•  •  •  • 

680 

—77.6 

4-385.8 

12.3 

14.5 

11.9 

4-22 

— "4 

681 

—76.1 

—150.1 

14.2 

b 

•  •  •  • 

•  •  •  • 

683 

—74.0 

—914. 

11.5 

12.0 

•  •  •  • 

+  6 

587 

—61.5 

—800.5 

13.9 

13.2 

•  •  •  • 

—  7 

689 

—57.2 

—  20.4 

127 

6 

•  •  •  • 

•  •  •  • 

695 

—40.9 

—  16.0 

13.9 

6 

•  •  •  • 

*  •  •  * 

598 

—38.6 

—465.1 

12.3 

12.0 

12.0 

—  3 

—  8 

599 

—36.5 

—974.1 

11.8 

11.2 

•  •  •  • 

—  6 

601 

—30. 

—  31. 

15.0 

b 

•  •  •  • 

602 

—33.0 

—  07.6 

14.3 

b 

•  •  •  • 

605 

—27.8 

—953.3 

13.9 

13.2 

•  •  •  • 

— *7 

608 

—23.7 

—  18.0 

14.3 

6 

•  •  •  • 

612 

—10.4 

1-  24.6 

13.5 

b 

•  •  •  • 

615 

—12.0 

-600.5 

14.2 

d 

•  •  •  • 

617 

—10.7 

-  12.9 

•  •  •  • 

b 

•  •  •  • 

618 

—10.4 

-  24.0 

13.1 

b 

•  •  •  • 

619 

—10.0 

-    8.7 

•  •  •  • 

b 

•  •  •  • 

620 

—  9.0 

—053.3 

13.1 

12.6 

•  •  •  • 

—  6 

621 

—  8. 

—  30. 

16.6 

6 

•  •  •  • 

622 

—  7.5 

—  27.8 

12.7 

6 

•  •  •  • 

624 

—  6.0 

+  10. 1 

•  •  •  • 

b 

•  •  •  • 

626 

—  4. 

—  28. 

15.6 

b 

•  •  •  • 

628 

0.0 

0.0 

•  •  •  • 

b 

•  •  •  • 

631 

h  3. 

—  42. 

14.8 

b 

•  •  •  • 

■ 

033 

-  3.6 

—    2.1 

• . .  • 

b 

•  •  •  • 

635 

-  8.3 

+  98.3 

10.6 

10.9 

10.7 

+'i 

+  *2 

630 

-  8.4 

—    87 

13.3 

6 

•  •  •  • 

639 

-11.0 

—961.5 

11.1 

10.6 

•  •  •  • 

11*6 

040 

-11.5 

+    0.8 

• .  •  • 

6 

•  •  •  • 

641 

-11.9 

+111.2 

14.8 

d 

•  •  •  • 

642 

-13. 

+  48. 

15.6 

b 

•  •  •  • 

647 

-22.6 

+  38.0 

12.1 

b 

10.3 

— i8 

648 

-24.2 

—    8.7 

14.3 

b 

•  •  •  • 

650 

-28.5 

+408.8 

13.1 

16.2 

12.0 

+2i 

— ii 

651 

-29.4 

4-  47.8 

13.1 

6 

•  •  •  • 

•  •  •  • 

652 

-30.2 

4-171.0 

13.9 

13.4 

•  •  •  • 

—  5 

653 

-30.8 

4-429.7 

18.9 

13.5 

12.2 

—  4 

— n 

654 

-33.2 

4-  10.0 

12.8 

6 

•  •  •  • 

•  •  •  • 

•  •  •  • 

657 

-39.6 

4-105.2 

13.1 

12.0 

11.6 

—11 

—15 

663 

-55.6 

4-147.1 

11.7 

14.8 

11.2 

4-31 

—  6 

660 

-59.7 

—195.8 

13.9 

13.8 

•  •  •  • 

—  1 

•  •  •  • 

607 

-60.5 

4-848.9 

9.4 

a 

•  •  •  • 

•  •  •  • 

•  •  •  • 

669 

-03.3 

4-100.0 

9.8 

10.4 

10.2 

+  6 

?.! 

070 

-64.2 

4-073.2 

10.8 

10.8 

10.9 

0 

671 

-69.0 

—  24.4 

11.5 

b 

•  •  •  • 

•  •  •  • 

674 

-73.0 

4-976.6 

14.2 

a 

•  •  •  • 

•  •  •  • 

075 

-74.5 

—  93.4 

16.2 

b 

•  •  •  • 

•  •  •  • 

076 

-78.5 

—  27.6 

13.1 

b 

•  •  •  • 

•  •  •  • 

077 

-78.0 

—201.4 

14.8 

14.8 

•  •  •  • 

0 

078 

-79.2 

4-852.2 

13.9 

a 

•  •  •  • 

•  •  •  • 

080 

-82.2 

—675.3 

13.9 

11.6 

•  •  •  • 

—23 

081 

-00.3 

+173.2 

14.8 

13.2 

•  •  •  • 

—16 

684 

-96.8 

4-744.8 

14.5 

a 

•  •  •  • 

•  •  •  • 
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TABLE   lV.  —  Comttnm«L 


Rood 

K* 

%i 

■ 

Bond 

Dnpar 

Md. 

1 

No. 

i 

mtM. 

Magn. 

Macs. 

mm* 

Comma*. 

i  i£J£ 

i 

6*5      1     -f-  077 

—  950 

8.3 

8.8 

•  •  •  • 

+  5 

•  •  •  • 

686 

-1-100. 

—  39. 

15.6 

6 

.... 

•  •  •  • 

*  •  •  • 

688 

-rlOO. 

—  18. 

15.6 

6 

.... 

•  •  •  • 

• » •  • 

690 

+ 119.4 

—443.7 

10.3 

10.9 

115 

+  6 

+  » 

693 

-131.7 

*  751.6 

13.9 

a 

•  •  •  • 

•    •     •    • 

•  •  •  • 

605 

-t- 132.8 

-^818.1 

12.5 

a 

•  •  •  • 

•    •     •    • 

•  •  •  • 

696 

-4-130.2 

+  886.3 

11.5 

a 



•    •    •    • 

*  •  •  • 

700 

+  143.4 

+492.7 

11.5 

11.0 

11.0 

—  5 

—  6 

701 

+143.7     i 

—417.2 

14.8 

1&8 

•  •  •  • 

—10 

•  •  •  • 

703 

4-145.4 

4-736.4 

13.9 

15.1 

•  •  •  • 

+12 

•  •  •  • 

705 

+147.2 

4-0115 

11.5 

11.0 

115 

-6 

—  8 

707 

hl51.2 

—253.5 

11.2 

11.2 

11.1 

0 

—  1 

708 

-151.4     , 

—  985 

9.6 

9.1 

•  •  •  • 

—  6 

•  •  •  • 

700 

-152.9 

—130.4 

12.3 

134 

11.4 

+  11 

—  9 

722 

-179.7 

—710.4 

13.3 

135 

•  •  •  • 

—  1 

•  a  .  • 

724 

-183.3 

—176.0 

10.5 

10.2 

9.8 

—  3 

_ _  7 

732 

-209.7 

—570.4 

11.5 

115 

11.5 

—  3 

0 

734 

h217.7 

4-443.8 

9.0 

8.8 

•  •  •  • 

—  2 

•  •  •  • 

737 

-220.2 

4-206.1 

15.0 

15.6 

•  •  •  • 

+  6 

•  •  •  • 

740 

-225.5 

4-841.3 

13.1 

a 

•     9     •     • 

•  •  •  • 

•  •  •  • 

741 

« 

-225.9 

—110.5 

100 

9.6 

95 

—  4 

—  8 

740 

-233.1 

—583.8 

10.8 

10.0 

10.0 

—  8 

—  8 

747 

-236.4 

— 333.4 

15  0 

14.5 

•  •  •  • 

—  6 

•  *  •  • 

750 

-248.4 

—467.1 

10.8 

11.0 

11.3 

+  2 

+  6 

755 

-277.7 

—348.3 

14.8 

14.6 

•  •  •  • 

—  3 

•  •  •  • 

757 

0 

-280.5 

+6061 

10.0 

10.0 

10.0 

0 

0 

759 

-285.2 

+  108.7 

15.0 

14.5 

m  m   •  • 

—11 

•  •  •  • 

702 

308.1 

—848.7 

14.8 

15.3 

•   •   •   • 

+  6 

•  •  •  • 

707 

h317.0 

—193.9 

13.9 

13.8 

*  •   •  • 

—  1 

•  *  •  • 

772 

h  334.5 

+809.2 

13.9 

a 

«  •   •   • 

•  •  •  • 

•  •  •  • 

770 

km 

+380. 

10.4 

156 

•  •  •  • 

—  8 

•  •  •  • 

778 

-306.7 

—216.0 

13.1 

12.1 

11.7 

—10 

—14 

779 

h370. 

+864. 

156 

a 

•  •  •  • 

•  •  •  • 

•  «  •  • 

781 

-373.8 

+195.5 

10.8 

10.6 

11.0 

—  2 

+  2 

783 

-380.9 

—740.0 

13.9 

15.1 

•  •  •  • 

+  12 

•  a  •  • 

784 

-:J88.4 

—286.0 

10.8 

10.6 

10.9 

—  2 

+     1 

785 

-389.7 

+587.2 

10.8 

10.6 

11.0 

—  2 

+  2 

786 

- 

-389.7 

+084.8 

13.9 

c 

•  •  •  • 

•  •  •  • 

787 

-389.7 

+849.3 

13.3 

a 

•  •  •  • 

•  •  •  • 

780 

-395.9 

—245.7 

14.8 

15.3 

•  •  •  • 

+  6 

793 

-414.6 

—510.7 

11.7 

11.5 

11.8 

—  2 

+'i 

794 

-416.0 

+971.9 

12.6 

a 

•  •  •  • 

•  •  •  • 

795 

-410.9 

— 776.6 

125 

12.1 

•  •  •  • 

—  4 

797 

-427.4 

+  172.7 

16.0 

d 

•  •  •  • 

a  •  •  • 

801 

-445. 

—282. 

13.1 

d 

•  •  •  • 

•  .  •  • 

805 

-457.2 

+331.9 

13.9 

d 

•  •  •  • 

•  •  •  • 

806 

-459.8 

+780.1 

11.7 

a 

•  •  •  • 

•  •  •  • 

808 

-404.7 

+391.2 

11.9 

11.8 

•  •  •  • 

—     1 

820 

-510.8 

+978.9 

14.2 

a 

•  *>  •  • 

a  a  •  a 

822 

-514.8 

—306.0 

10.7 

10.0 

10.6 

—  7 

— "i 

824 

-518.0 

+922.2 

12.1 

a 

•  • .  • 

•  •  •  • 

825 

-618.1 

—716.6 

14.2 

15.1 

•  •  •  • 

+  9 

826 

-621.0 

+419.0 

14.8 

c 

•  •  •  • 

•  •  •  • 

882 

V  637.3 

—322.4 

13.9 

14.1 

•  •  •  ■ 

+  2 

840 

+663. 

—171. 

15.6 

d 

•  •  •  • 

•  a  ■  a 
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TABLE  IV.  — Continued. 


Bond 

Aa. 

A*. 

Bond 

Common      Draper 

Reald. 

Reiki. 

No. 

Magn. 

Magn.         Magn. 

Common. 

Draper. 

848 

+678.1 

—868.6 

8.6 

8.8 

»  •  •  • 

—  8 

•  •  •  • 

846 

+ 603.3 

—119.1 

16.0 

d 

i  •  •  • 

•  •  •  • 

•  •  •  • 

847 

+619.4 

+634.9 

13.1 

d 

»  •  •  • 

•  •  •  • 

•  •  •  • 

848 

+631.2 

+  60.2 

9.9 

9.6 

9.6 

—  8 

—  8 

855 

+654.0 

—989.3 

11.0 

10.7 

i  •  •  • 

—  8 

•  •  •  • 

859 

+661.1 

—677.6 

14.8 

d 

>  •  •  • 

•  •  •  • 

•  •  •  • 

863 

+680.9 

+357.8 

12.5 

16 1 

•  •  •  • 

+26 

•  •  •  • 

865 

+683.1 

+057.0 

13.9 

a 

•  •  •  • 

•  •  •  • 

•  •  •  • 

878 

+707.0 

+981.7 

11.9 

a 

•  •  •  • 

•  •  •  • 

•  •  •  • 

876 

+709.4 

+839.4 

14.8 

a 

•  •  •  • 

•  •  •  • 

•  •  •  • 

889 

+801.6 

—258.2 

11.3 

11.6 

» •  •  • 

+  2 

•  •  •  • 

808 

+816.0 

+228.3 

13.1 

15.1 

>  •  •  • 

+20 

•  •  •  • 

899 

+861.3 

+744.6 

14.2 

a 

•  •  • 

•  •  •  • 

•  •  •  • 

904 

+884.1 

—184.0 

14.2 

d 

>  •  •  . 

•  •  •  • 

•  •  •  • 

905 

+892.8 

—918.3 

7.8 

8.0 

>  .  .  » 

+  2 

•  •  •  • 

908 

+001.2 

+714.9 

13.2 

a 

•  •  • 

•  •  •  • 

•  •  •  • 

The  light  of  the  brightest  stare  is  derived  from  Table  V.,  as  will 
be  described  below.  The  letter  a  is  substituted  for  the  magnitude  in 
the  case  of  stars  outside  the  limits  of  the  photograph ;  b  is  used  to 
designate  stars  in  the  central  nebulosity,  which  are  therefore  not  easily 
distinguished ;  c  indicates  stars  visible  on  G,  but  not  on  F ;  and  d9 
those  not  contained  on  either  F  or  G.  The  sixth  column  gives  the 
magnitude  derived  from  the  photograph  of  Dr.  Draper.  The  light  of 
each  star  in  a  copy  of  E  was  found  by  Argelander's  method,  and  also 
by  arranging  the  stars  in  a  sequence.  The  mean  of  these  magnitudes 
is  that  here  employed.  The  last  two  columns  give  the  residual,  ex- 
pressed in  tenths  of  a  magnitude,  found  by  subtracting  the  Bond  mag- 
nitude from  the  photographic  magnitudes  given  in  the  two  previous 
columns. 

A  list  of  the  stars  visible  in  other  copies  of  E  is  given  by  Professor 
Holden  in  Table  A,  on  page  228  of  his  Memoir.  Three  of  these  stars, 
Nos.  685,  708,  and  734,  are  too  bright  for  satisfactory  measurement  in 
E,  and  two  others,  435  and  863,  are  not  visible  either  in  E,  D,  or  C. 
No.  497  is  apparently  omitted  by  mistake  in  Professor  Holden's  list. 
For  five  stars,  580,  650,  653,  663,  and  709,  the  results  derived  from 
E  and  F  are  discordant'  The  first  three  of  these  are  the  faintest 
stars  measured  on  E,  and  the  last  two  are  so  surrounded  by  nebulosity 
that  the  measure  is  difficult.  Were  the  first  three  stars  as  faint  as  F 
would  indicate,  it  would  be  impossible  to  see  them  on  E.  They  are 
certainly  visible  on  D,  and  653  on  C  also.  No.  663  is  brighter  than 
681  in  E,  as  bright  in  D,  and  not  seen  in  C ;  in  F  and  G  it  is  much 
fainter  than  681. 
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TABLE    V. 


Bond 
No. 

Bond 
Magn. 

A. 

B. 

E. 

E\ 

F. 

r. 

905 

7.8 

•  ■  •  • 

•  •  •  • 

•  •  •  • 

•  •  •  • 

8.0 

«  •  •  • 

843 

8.6 

•  •  •  • 

•  •  •  • 

•  •  •  • 

•  •  •  • 

8.8 

•  •  •  • 

467 

8.7   ! 

.... 

•  •  •  • 

9.4 

9.3 

8.8 

•  •  •  • 

685 

8.3 

8.7 

88 

•  •  •  • 

•  •  m   • 

83 

•  *  •  • 

734 

9.0 

•  •  •  • 

9.2 

•  •  •  • 

•  ■  •  • 

8.8 

•  •  •  • 

708 

9.6 

9.0 

9.0 

•  •  •  • 

•  .  •  • 

9.1 

•  •  •  • 

570 

9.4 

9.4 

9.5 

9.4 

9.2 

9.4 

9.4 

554 

9.0 

•  •  •  • 

•  •  •  • 

9.3 

9.6 

9.4 

•  •  •  • 

741 

10.0 

9.3 

9.4 

9.2 

•  •  •  • 

!   9.7 

9.5 

848 

9.9 

•  •  •  • 

9.7 

9.7 

9.6 

1   9.7 

96 

505 

9.6 

•  •  •  • 

9.7 

9.6 

9.6 

9.7 

9.5 

767 

10.0 

•  •  •  • 

•  •  •  • 

100 

10.1 

10.2 

9.7 

724 

10.5 

9.7 

9.7 

9.8 

9.8 

10.5 

9.8 

746 

10.8 

•  •  •  • 

•  •  •  • 

10.0 

9.9 

10.0 

623 

10.1 

10.0 

10.3 

10.0 

10.0 

10.5 

9.8 

669 

9.4 

9.9 

10.0 

10.1 

10.3 

•  •  •  • 

10.4 

635 

105 

10.1 

10.6 

•  •  •  • 

10.7 

•  •  •  • 

10.9 

The  brightest  stare  in  the  nebula  are  compared  in  Table  V.  The 
first  and  second  columns  give  the  Bond  number  and  magnitude.  The 
columns  headed  A,  B,  E,  and  F  give  the  magnitudes  derived  from 
those  photographs  respectively  by  the  method  of  sequences.  The  re- 
sults derived  from  £  and  F  by  the  method  of  Argelander  are  given  in 
the  columns  headed  E'  and  F'.  The  mean  values  of  E  and  E',  and  of 
F  and  F',  are  given  in  Table  IV. 

One  of  the  most  important  applications  of  the  determination  of  pho- 
tographic magnitudes  is  to  the  measurement  of  the  colors  of  the  stars. 
The  rays  affecting  the  photographic  plate  have  in  general  a  less  wave- 
length than  those  to  which  the  eye  is  most  sensitive.  It  therefore 
follows  that  a  reddish  star,  that  is,  one  in  which  the  rays  of  great 
wave-length  predominate,  will  appear  relatively  too  faint  in  the  photo- 
graph. The  residuals  in  the  last  columns  of  Table  IV.  will  then  be 
positive.  A  bluish  star  is  similarly  indicated  by  a  large  negative  resid- 
ual. These  residuals  form  a  convenient  measure  of  the  color  of  the 
stars.  In  most  stars  the  difference  in  color  is  due  to  slight  differences 
in  the  relative  intensities  of  the  blue  and  red  rays.  Until  the  law 
defining  the  relation  of  the  intensity  to  the  wave-length  is  known,  a 
single  number  serves  to  describe  the  principal  cause  of  the  color.  Of 
course  in  the  case  of  stars  in  which  a  large  part  of  the  light  is  concen- 
trated in  bands  or  lines,  the  residuals  will  not  be  directly  comparable 
with  those  of  other  stars.  Even  here,  however,  this  test  may  be  ad- 
vantageously employed  to  compare  stars  of  the  same  class,  as,  for  in- 
stance, those  of  the  third  type  of  Secchi. 
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TABLE  VL 


Red  Scuts. 

Bun  Btam. 

Bond 
No. 

Bond 
Magn. 

A. 

B. 

B— A. 

BmM. 

Bond 
No. 

Bond 
Magn. 

A. 

B. 

B— A. 

Betid. 

508 
558 
580 
650 
663 
703 
709 
783 
863 
893 

12.3 
10.7 
12.8 
13.1 
11.7 
13.9 
12.3 
13.9 
125 

iai 

14.5 
11.7 
14.5 
15.2 
14.8 
15.1 
13.4 
15.1 
15.1 
15.1 

15.1 
11.5 
14.3 
15.1 
14.8 
15.1 
13.4 
15.1 
151 
15.1 

+.6 

—.2 

—.2 

—.1 

0 

0 

0 

0 

0 

0 

+2.5 
4-0.9 
+2.1 
+2.1 
+8.1 
+  1.2 

+U 
+1.2 
+2.6 
+2.0 

878 
402 
485 
673 
657 
680 
681 
701 
759 
778 

14.8 
12.3 
18.1 
13.9 
13.1 
13.9 
14.8 
14.8 
15.6 
18.1 

13.8 
11.8 
12.0 
12.6 
12.0 
11.6 
13.2 
13.8 
14.5 
12.1 

13.8 
11.4 
12.0 
12.8 
12.1 
12.0 
13.2 
18.5 
14.8 
11.9 

0 

+.1 
0 

—.2 

+.1 
+.4 
0 
—.3 
+.3 
—.2 

—1.0 
—0.9 
—1.1 
—1.5 
—1.1 
—2.1 
—1.6 
—1.2 
—1.0 
—1.1 

The  first  part  of  Table  VI.  contains  the  stars  in  which  the  residual 
equals  or  exceeds  one  magnitude.  The  first  three  columns  give  the 
Bond  number  and  magnitude  and  the  photographic  magnitude,  taken 
from  the  first,  fourth,  and  fifth  columns  of  Table  IV.  The  photographic 
magnitude  was  determined  a  second  time  to  see  if  the  large  residual 
was  due  to  «rror.  The  results  are  given  in  the  fourth  column  of  Table 
VI.  The  difference  in  the  two  measures  is  given  in  the  next  column, 
and  in  the  last  column  the  residual  found  by  subtracting  the  second 
column  from  the  mean  of  the  third  and  fourth  columns.  The  second 
part  of  Table  VI.  gives  the  corresponding  values  for  the  blue  stars  in 
which  the  residual  has  a  negative  value  exceeding  one  magnitude. 

The  first  part  of  Table  VII.  contains  the  stars  given  in  the  Bond 
Catalogue  not  contained  in  the  photograph,  and  accordingly  marked  d 
in  Table  IV.  As  the  faintest  stars  visible  in  the  photograph  have  a 
photographic  magnitude  of  about  15.0,  it  follows  that  a  slight  redness 
of  the  stars  in  Table  VII.  would  account  for  their  absence  in  the  photo- 
graph. The  stars  marked  c  in  Table  IV.  are  Bond  367,  443,  786,  and 
826 ;  although  not  visible  in  F,  they  were  detected  in  6. 

The  second  part  of  Table  VII.  contains  the  stars  which  are  visible  in 
both  the  photographs  F  and  G,  but  are  not  given  in  the  Bond  Cata- 
logue. The  successive  columns  give  a  current  number,  the  approx- 
imate difference  in  right  ascension  and  declination  from  &  Ononis,  and 
the  photographic  magnitude. 

Many  more  objects  which  cannot  be  distinguished  from  stars  are 
visible  on  either  F  or  G,  but  not  on  both.  After  completing  this  list, 
it  was  compared  with  the  map  of  the  Earl  of  Rosse  (Phil.  Trans.,  1868, 
PI.  III.).  Stars  appear  on  this  map  which  are  moderately  near  Nos. 
4  and  11,  but  none  are  near  any  of  the  other  stars  in  the  second  part 
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TABLE  VIL 


—*.  «^ 

5o. 

- 

^ 
"^^ 

-^ 

229 

14.2 

1 

—444 

{ 
—  434 

14Jft 

&£ 

14^ 

* 

—570 

—  122 

l&s 

419 

14.2 

3 

— m 

—  611 

13.5 

532 

14.2 

4 

— 13) 

—  515 

13.5 

552 

14.9 

5 

—  02 

—  514 

13£ 

615 

14.2 

6 

1        —  17 

—1011 

14.5 

641 

14J» 

7 

—    9 

—  aftf      ■ 

13j* 

797 

15.0 

8 

1        -  34 

—  s*> 

14^ 

805 

18.9 

9 

i       4.  42 

—  SSI 

151 

WO 

156 

10 

i       -r  «• 

—  4*0 

12.7 

847 

iai 

11 

!       -r316 

!       —  639 

130) 

901 

143 

1 
1 

1 

1 

of  Table  VII.  None  of  tbem  are  given  in  the  list  prepared  by  Lord 
Rosse  of  the  stare  not  contained  in  the  catalogue  of  StrnTe  (^PhiL  Trans-, 
1868,  p.  59).  A  comparison  with  the  map  of  Mr.  Common  (Monthly 
Notices,  XLIII.  256)  showed  that  Nos.  10  and  11  were  already  given 
there.  Mr.  Common's  stars  nf.  690  and  ftp.  750  are  not  risible  on  6. 
although  the  first  of  them  is  well  shown  on  F.  The  stars  near  Bond 
685  and  741  were  not  measured  on  account  of  the  nebulous  light  with 
which  they  are  surrounded.  Their  presence  in  G  is  somewhat  doubt- 
ful. Until  the  remaining  stars  are  actually  seen,  we  may  infer  that 
they  are  too  faint  to  be  visible  to  the  eye,  and  that  our  only  evidence 
of  their  existence  is  by  means  of  the  photographic  plate.  These  stars 
are  also  probably  of  a  bluish  color.  As  the  number  of  stars  is  nearly 
the  same  in  the  two  parts  of  Table  VI.,  we  may  infer  that  for  white 
stars  the  limiting  magnitude  for  the  photograph  does  not  differ  much 
from  that  for  the  eye. 

The  agreement  of  the  results  given  on  page  408  is  hardly  a  fair  test 
of  the  errors  of  measurement.  A  better  indication  is  afforded  by  the 
repetition  of  the  measurement  of  the  red  and  blue  stars  in  Table  V. 
The  average  difference  in  the  results  is  .14  of  a  magnitude,  which  indi- 
cates a  probable  error  of  each  of  about  .08.  The  two  measures  of  £ 
by  Argelander's  method  and  by  sequences  give  for  the  35  stars  com- 
pared by  both  methods  an  average  deviation  of  .20,  or  a  probable  error 
of  .12.  Forty  stars  are  common  to  £  and  F.  Omitting  the  five 
which  are  stated  on  page  413  to  be  discordant,  the  average  difference 
in  the  two  magnitudes  of  the  remaining  thirty-five  is  .27.  The  proba- 
ble error  of  each,  if  they  are  equal,  is  .16, 
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XIII. 

EARLY  EXPERIMENTS  IN  TELEGRAPHING  SOUND. 

By  Edward  C.  Pickering. 

Communicated  Mmj  96,  1885. 

In  1870,  when  Professor  of  Physics  at  the  Massachusetts  Institute  of 
Technology,  I  wished  to  show  to  an  audience  the  experiment  of  trans- 
mitting sound  by  electricity.  The  only  means  of  doing  this,  of  which 
I  was  then  aware,  was  by  the  sound  produced  when  a  piece  of  soft 
iron  is  suddenly  magnetized  or  demagnetized.  The  sound  thus  pro- 
duced is  extremely  feeble,  and  I  proposed  to  replace  it  by  the  follow- 
ing device.  Loud  sounds  may  be  produced  by  the  vibrations  of  a 
plate,  and  a  strong  vibratory  force  may  be  applied  to  such  a  plate  by 
means  of  an  electro-magnet.  The  first  receiver  consisted  of  a  power- 
ful electro-magnet  attached  to  the  bottom  of  a  wooden  box,  whose 
cover  was  replaced  by  a  tin  plate,  to  the  centre  of  which  a  soft  iron 
armature  was  attached.  The  dimensions  were  such  that  the  armature 
was  near  the  magnet,  but  not  in  contact  with  it.  The  plate  appears 
also  to  have  been  used  without  the  armature.  It  is  not  certain  but 
that  this  form  of  apparatus  may  have  been  tried  first,  and  the  arma- 
ture added  to  increase  the  energy  of  the  vibration,  and  consequently 
the  loudness  of  the  sound.  A  tin  box  was  also  employed,  the  bot- 
tom of  which  replaced  the  plate  and  armature,  and  the  box  served 
to  reinforce  the  sound.  The  transmitter  was  composed  of  a  sonome- 
ter, around  the  wire  of  which  a  short  wire  was  wound,  dipping  into 
mercury.  An  electric  current  was  passed  through  both  wires,  the 
mercury  cup,  and  the  magnet.  When  the  principal  wire  of  the  so- 
nometer was  set  in  vibration  by  a  violin  bow,  or  otherwise,  the  current 
was  broken  at  each  vibration  at  the  surface  of  the  mercury.  When 
the  circuit  was  made,  the  magnet  drew  the  plate  down,  and  when  it 
was  broken,  the  elasticity  of  the  plate  drew  it  back.  A  loud  sound 
was  thus  produced,  whose  pitch  could  be  varied  by  changing  the  length 
or  tension  of  the  wire  of  the  sonometer.  On  December  13,  1869, 
I  gave  the  first  of  eighteen  lectures  on  Sound,  forming  one  of  the 
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Lowell  Free  Courses  given  that  year  at  the  Institute  of  Technology. 
It  is  probable  that  this  experiment  was  prepared  for  and  shown  in 
the  lecture  of  this  course  which  was  delivered  on  January  5,  1870, 
and  related  to  sympathetic  vibrations. 

On  August  23,  1870,  at  the  meeting  of  the  American  Association 
at  Troy,  Professor  R.  H.  Van  der  Weyde,  of  New  York,  presented 
paper  No.  141  to  Section  A,  in  the  hall  of  the  Troy  Female  Seminary, 
Professor  John  M.  Ordway  acting  as  chairman.  This  paper  was  enti- 
tled, "  Further  Improvements  in  the  Method  of  transmitting,  audibly, 
Musical  Melodies  by  the  Electric  Telegraph  Wire."  In  the  discussion 
which  followed  the  presentation  of  this  paper,  I  described  my  experi- 
ment, and  pointed  out  that  my  difficulty  was  mainly  with  the  trans- 
mitter, Professor  Van  der  Weyde's  with  the  receiver ;  also  that,  if  he 
could  combine  his  transmitter  with  my  receiver,  I  thought  he  might 
obtain  valuable  results.  I  have  since  been  informed  that  he  adopted 
this  suggestion,  and  ascribes  to  it  the  use  of  the  metallic  diaphragm 
which  he  afterwards  employed.  The  "  Troy  Press  "  of  the  following 
morning,  August  24,  1870,  contained  the  following  report  of  my  re- 
marks. On  account  of  its  importance,  I  may  be  pardoned  for  giving 
it  verbatim. 

"  Professor  Pickering  described  a  simple  means  he  had  employed 
for  rendering  these  vibrations  audible.  It  consisted  of  a  simple  elec- 
tro-magnet placed  close  to  the  bottom  of  a  large  tin  box,  whose  reso- 
nance rendered  the  sound  very  intense.  His  remarks  were  greeted 
with  marked  approbation.  Another  member  said  Professor  Picker- 
ing's method  was  beautiful  in  the  extreme,  because  it  did  away  with 
the  armature." 

Professor  Charles  B.  Cross,  then  Assistant  Professor  of  Physics 
in  the  Institute  of  Technology,  was  invited  to  give  a  lecture  on  Sound 
to  the  pupils  of  the  New  England  Conservatory  of  Music,  in  February, 
1872.  He  desired  to  show  the  experiment  of  telegraphing  sound. 
Accordingly,  Professor  Cross,  Mr.  Waldo  O.  Ross  (who  was  present 
at  the  experiment  in  1870  also),  and  I  spent  an  evening  at  the  Insti- 
tute, and  repeated  the  experiment  of  1870  under  more  favorable 
conditions.  The  great  difficulty  in  the  early  experiment  was  with  the 
transmitter.  A  tuning-fork  was  accordingly  substituted  for  the  sonom- 
eter, which  enabled  the  circuit  to  be  broken  with  greater  certainty  and 
regularity.  It  was,  however,  open  to  the  objection,  that  sounds  of  one 
pitch  only  could  be  transmitted.  The  details  of  this  experiment  are 
known  with  much  greater  certainty  than  those  of  the  first  experiment. 
The  battery  consisted  of  six  small  Grove  cells.     An  "  Albert  Biscuit " 
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box,  20  centimeters  long  by  12  wide  and  12  deep,  was  first  used  as  a 
receiver.  Afterwards,  a  large  tin  packing-box,  80  cm.  long,  50  cm- 
wide,  and  50  cm.  deep,  was  substituted  for  it,  and  gave  a  very  loud 
sound.  Most  of  this  apparatus  is  still  preserved  at  the  Institute  of 
Technology,  and  was  used  in  the  legal  examination  quoted  below.  In 
the  last  part  of  December,  1873,  and  the  first  week  of  January,  1874, 
a  number  of  other  experiments  were  tried  by  Professor  Cross,  and 
another  exhibition  of  the  instrument  was  made  by  him  on  January  7, 
1874,  at  the  first  lecture  of  his  Lowell  Free  Course  of  that  year. 
Several  forks  were  tried,  aud  the  receiver  transmitted  the  charac- 
teristic sound  of  each,  but  one  only  was  used  publicly.  The  sound 
persisted  when  the  magnet  touched  the  box,  but  was  then  feeble. 

Most  of  the  above  facts  were  testified  to  by  Professor  Cross  in  a 
legal  examination  held  on  June  18, 1879.  It  was  agreed  that  the  same 
deposition  should  be  used  in  the  two  cases,  Harmonic  Telegraph  Com- 
pany et  al.  vs.  The  New  England  Telephone  Company,  and  Harmonic 
Telegraph  Company  et  al.  vs.  Charles  Williams,  Jr.  Present,  Caus- 
ten  Browne,  Esq.,  of  counsel  for  complainants,  Chauncey  Smith  and 
J.  J.  Storrow,  Esqs.,  of  counsel  for  defendants,  and  W.  P.  Preble,  Jr., 
Examiner.     Professor  Cross  also  testified  as  follows :  — 

"  An$.  On  the  10th  of  June,  1879, 1  tried  a  number  of  experiments 
with  this  receiver,  which  was  set  up  in  a  manner  similar  to  its  ar- 
rangement in  the  exhibition  already  mentioned,  it  being  in  the  office  of 
Mr.  J.  J.  Storrow,  Union  Building,  State  Street,  Boston.  It,  together 
with  a  Blake  transmitter,  was  connected  in  the  primary  circuit  of  a 
battery ;  the  transmitter  being  placed  in  Room  42,  Union  Building,  and 
connected  with  the  receiver  by  wires  stretching  across  the  open  court 
separating  these  two  rooms,  and  about  one  hundred  feet  in  length.  A 
second  circuit,  containing  two  ordinary  hand  telephones,  was  stretched 
between  the  two  rooms,  so  that  any  messages  sent  by  the  apparatus 
which  I  am  describing  could  easily  be  verified. 

"  The  magnet  in  these  experiments  was  placed  near  to  the  outside 
of  one  end  of  the  tin  box,  which  rested  upon  its  side,  and  when  feint 
sounds  were  transmitted  the  head  was  placed  inside  the  box,  with  the 
ear  opposite  the  poles  of  the  magnet,  in  order  to  detect  the  sounds.  I 
first  asked  Mr.  Watson,  who  was  assisting  me,  to  play  a  small  mouth 
harmonica  before  the  mouthpiece  of  the  Blake  transmitter.  I  was 
expecting  to  hear  the  sound  given  by  that  instrument,  and  so  was  some- 
what surprised  to  hear  loud  and  clear  notes  resembling  those  of  a 
music-box.  On  inquiring  of  Mr.  Watson  what  instrument  he  had  been 
using,  I  was  informed  that  he  had  been  transmitting  the  sound  produced 


OF  ABTS  AND  SCIENCES.  265 

by  a  child's  music-box  which  he  happened  to  have  there.  After- 
wards the  mouth  harmonica  was  substituted,  and  its  characteristic 
notes  clearly  perceived.  In  both  of  these  cases  the  characteristic  pitch 
and  'quality  of  the  tones  in  the  musical  instruments  used  could  be  heard 
at  the  distance  of  eighteen  inches  or  more  from  the  receiver.  Mr. 
Watson  was  then  asked  to  speak  into  the  transmitter,  and,  while  the 
ear  was  still  at  a  distance  of  about  fifteen  inches  from  the  receiver,  a 
sound  was  heard  which  was  recognized  as  articulation,  although  the 
words  could  not  be  distinguished  at  that  distance.  I  then  placed  my 
ear  close  to  that  portion  of  the  box  which  was  opposite  the  poles  of 
the  magnet,  and  asked  Mr.  Watson  to  6peak  into  the  transmitter.  I 
then  without  difficulty  was  able  to  hear  a  number  of  sentences,  which 
were  entirely  unexpected  to  me. 

"Int.  9.  Please  state  whether  on  this  occasion  you  also  tried  to 
transmit  articulate  speech,  using  as  a  receiver  a  common  hand  Bell 
telephone  connected  upon  the  circuit,  with  the  mouthpiece  and  ordinary 
diaphragms  removed,  and  the  instrument  held  against  one  end  of  the 
tin  box,  so  that  the  box  should  take  the  place  of  the  diaphragm.  And 
if  so,  with  what  result  ? 

"An*.  I  did.  With  it  we  succeeded  in  transmitting  articulate 
speech  from  one  station  to  the  other  with  very  great  ease. 

"  Int.  10.  Will  the  Institute  of  Technology  give  or  sell  the  defend- 
ants the  receiving  apparatus  you  constructed,  to  be  filed  as  an  exhibit 
in  this  case?  and  if  not,  will  you  please  produce  duplicates  of  said  tin 
box  and  horseshoe  electro-magnet,  and  a  wooden  box  like  the  one  used 
in  your  experiment? 

"  Ans.  These  early  experiments  have  so  much  interest  attached  to 
them,  that  it  seems  desirable  to  retain  the  original  apparatus  in  the 
possession  of  the  Department  of  Physics.    I  will  produce  duplicates." 

Copies  of  the  apparatus  were  also  presented,  in  May,  1885,  to  the 
defendants  in  the  suit  in  equity,  American  Bell  Telephone  Company 
et  al.  vs.  The  Western  Pennsylvania  Telegraph  and  Telephone  Com- 
pany et  al.,  Circuit  Court  of  the  United  States,  Western  District  of 
Pennsylvania,  on  motion  for  preliminary  injunction.  At  this  time, 
also,  it  was  shown  that  articulate  speech  could  be  transmitted  by  the 
apparatus,  by  attaching  a  mouthpiece  to  one  prong  of  the  tuning-fork 
and  placing  a  piece  of  carbon  in  the  mercury  under  the  style.  Affida- 
vits were  also  produced  from  Mr.  G.  W.  Blodgett  and  Mr.  L.  W. 
Wood,  stating  that  I  showed  the  apparatus  described  above  to  their 
class  in  1872.  An  affidavit  of  Mr.  A.  D.  Blodgett  shows  that  it  was 
also  shown  to  his  class  by  Professor  Cross  in  1874 
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The  following  extract  from  a  letter  to  Professor  Bell  may  also  be 
of  interest,  as  showing  that  I  advised  him  to  increase  the  sound  of  his 
telephone  by  an  instrument  resembling  the  Blake  transmitter,  in  1877, 
or  two  years  before  the  invention  of  that  instrument  This  letter  was 
written  during  the  night  following  Professor  Bell's  communication  on 
the  telephone  to  the  American  Academy,  on  May  4,  1877.  The  tele- 
phone then  exhibited  gave  a  very  feeble  sound,  aud,  according  to 
my  letter-book,  1  wrote  on  "  the  problem  of  introducing  more  kinetic 
energy  into  your  telephonic  circuit,  —  in  other  words,  on  making  a 
telephonic  relay.  An  idea  occurred  to  me  which  I  hope  may  give  the 
desired  result,  and  I  shall  be  very  glad  if  you  have  the  means  of  giving 
it  a  trial.  The  problem  is  to  utilize  a  local  current,  so  that  in  a  given 
circuit  it  shall  be  proportional  to  the  current  induced  by  the  magnets. 
Now  this  may  be  done  by  attaching  to  the  plate  of  the  receiving  tele- 
phone A,  a  fine  wire,  dipping  in  water,  and  nearly  touching  a  wire 
connected  with  a  second  telephone  and  battery.  The  resistance  of  this 
circuit  will  be  mainly  that  of  the  water  between  B  and  C.  Now,  as  A 
vibrates,  the  interval  B  C  will  alter,  and  with  it  the  total  resistance, 
and  consequently  the  current.  Moreover,  a  feeble  exciting  current 
may  regulate  a  powerful  local  battery."  A  sketch  of  the  apparatus 
showed  that  the  current  from  the  battery  passed  through  the  vibrating 
diaphragm  of  a  receiving  telephone,  to  which  was  attached  a  wire  B, 
dipping  in  water,  and  nearly  in  contact  with  a  second  wire  C.  The 
variations  of  the  current  thus  magnified  were  then  passed  through  a 
second  telephone.  A  modification  of  the  apparatus  was  also  described, 
by  which  the  current  could  be  reversed,  like  the  primary  current.  Had 
this  instrument  been  tried,  a  loud-sounding  telephone  might  have  been 
obtained  earlier.  A  carbon  button  should  have  been  substituted  for 
the  liquid  resistance,  as  the  varying  resistance  of  carbon  was  then  well 
known. 

No  secret  was  ever  made  of  these  experiments,  which  were  described 
and  exhibited  publicly  and  privately  whenever  this  was  desired.  A 
patent  for  the  apparatus  was  not  taken  out,  from  a  belief  that  a  scien- 
tific man  should  place  no  restrictions  upon  his  work  which  would  tend 
to  prevent  the  repetition  of  an  experiment  of  scientific  interest.  A 
full  description  should  have  been  published.  This  was  at  first  delayed 
from  the  pressure  of  other  work  and  lack  of  appreciation  of  the  im- 
portance of  the  results.  Afterwards  I  was  unwilling  to  enter  into  a 
controversy,  or  to  obstruct  my  friends,  who  were  struggling  to  obtain 
proper  recognition  of  the  great  results  they  had  obtained  in  the  same 
field.    Now  that  some  of  them,  at  least,  have  been  amply  rewarded,  a 
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full  statement  seems  necessary  as  a  contribution  to  the  history  of  the 
telephone. 

It  will  be  seen  from  the  above  statement,  that  in  1870,  several  years 
before  the  telephones  now  in  use  were  invented,  a  receiver  was  de- 
vised, constructed,  and  tried,  which  consisted  of  a  flexible  iron  dia- 
phragm, supported  at  the  edges  and  replacing  the  armature  of  an 
electro-magnet.  Musical  sounds  were  telegraphed  successfully,  and 
the  apparatus  was  described  at  a  scientific  meeting,  as  the  newspaper 
report  shows.  In  1872  and  later,  the  experiment  was  repeated  under 
various  conditions.  In  1879  it  was  shown  that  it  was  capable  of 
serving  as  a  telephone,  and  of  rendering  articulate  speech  audible  at 
a  distance.  It  appears  to  differ  in  no  way  in  principle  from  the  re- 
ceiver now  used.  On  the  other  hand,  it  should  be  stated  that  all  my 
experiments  were  made,  or  were  intended  to  be  made,  with  a  discon- 
tinuous current,  and,  although  the  instrument  is  capable  of  showing 
the  variations  of  a  continuous  current,  I  did  not  have  this  application 
in  mind  when  I  constructed  it. 
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During  the  summer  of  1876  several  thousand  observations  of  the 
altitudes  of  the  White  Mountains  were  made  by  the  writer.*  The 
method  of  zenith  distances  was  employed,  the  instrument  used  being 
the  micrometer  level.  Great  difference  of  opinion  exists  among  ge- 
odetists  regarding  the  value  of  the  zenith  distance  of  a  distant  object 
as  a  means  of  determining  its  height,  on  account  of  the  uncertainty 
in  the  atmospheric  refraction.  A  large  number  of  measures  of  this 
quantity  were  accordingly  mado  in  subsequent  years,  to  show  to  what 
extent  the  observations  of  1876  were  likely  to  be  affected  by  this 
error.  Four  micrometer  levels  have  been  employed,  which  will  be 
designated  as  A,  B,  C,  and  D. 

The  first  of  these,  A,  was  shown  to  this  Academy  on  January  11, 
1876,f  and  was  exhibited  at  the  International  Exposition  of  1876  in 
Philadelphia.  It  consisted  of  a  telescope  conveniently  mounted,  carry- 
ing a  level,  and  having  in  the  eyepiece  a  spider-line  micrometer. 

Instrument  B,  which  was  that  used  in  1876,  was  made  out  of  an 
architect's  level.  It  consisted  of  a  telescope  having  an  aperture  of 
3  cm.  and  a  focal  length  of  25  cm.,  with  an  erecting  eyepiece  magnify- 
ing eighteen  diameters.  A  delicate  spirit-level  was  attached  directly 
to  the  telescope,  which  rested  in  two  wyes,  19  cm.  apart.  One  end 
of  the  bar  carrying  these  wyes  rested  upon  a  bearing,  and  the  other 
upon  the  pointed  end  of  a  micrometer  screw.  The  bearing  and  the 
nut  of  the  screw  were  carried  upon  a  bar  which  rotated  around  a  ver- 
tical axis.     A  horizontal  circle  divided  into  degrees  was  added,  for 

•  Appalachia,  1, 138.  t  Proc.  Amer.  Acad.,  XI.  266. 
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convenience  in  identifying  the  objects  observed.  The  pitch  of  the 
screw  was  about  0.1  cm.,  and  its  head  was  divided  into  hundredths. 
The  value  of  one  division  in  seconds  of  arc  was  found  by  placing  the 
instrument  upon  the  cube  of  the  telescope  of  the  Meridian  Circle  of  the 
Harvard  College  Observatory.  A  series  of  readings  was  then  taken, 
setting  the  screw  in  various  positions,  and  inclining  the  cube  until  the 
bubble  showed  that  the  small  telescope  was  horizontal.  The  position 
of  the  bubble  was  then  read,  and  the  inclination  determined  by  the 
large  circle  of  the  Meridian  Circle.  The  value  of  one  division  was 
thus  found,  on  June  7, 1877,  to  be  13".95.  As  the  instrument  is  used 
only  for  small  altitudes,  the  angles  are  practically  measured  by  an 
accurate  tangent  screw  on  a  circle  about  38  cm.  in  diameter. 

Instrument  C  is  larger  than  B,  and  the  cross-hairs  in  the  latter  are 
replaced  by  a  filar-micrometer.  It  therefore  combines  the  advantages 
of  A  and  B.  Its  telescope  has  an  aperture  of  4  cm.,  a  focal  length  of 
45  cm.,  and  a  magnifying  power  of  sixteen  diameters. 

Instrument  D  closely  resembles  B.  Light  is  secured  by  the  use  of 
an  inverting  eyepiece.  The  aperture  of  the  telescope  is  2.5  cm.,  its 
focal  length  21  cm.,  and  its  magnifying  power  ten.  The  value  of  one 
division  of  the  screw  was  found  as  described  above,  and  gave  the  result 
13".95,  or  the  same  as  B. 

An  important  improvement  was  devised  by  Mr.  J.  R.  Edmands,  and 
introduced  in  this  instrument,  in  March,  1882.  The  level  was  attached 
to  the  bar  carrying  the  wyes,  instead  of  to  the  telescope.  As  the  in- 
strument was  originally  used,  the  observations  were  rendered  differen- 
tial, the  quantity  measured  being  the  difference  in  apparent  altitude  of 
the  various  objects.  The  only  quantity  liable  to  vary  in  using  the  in- 
strument is  the  angle  between  the  true  level  line  and  the  axis  of  the 
instrument  when  the  bubble  of  the  level  is  the  centre.  This  angle  may 
be  divided  into  two  parts :  first,  the  coMimation  error  due  to  the  devia- 
tion of  the  axis  from  the  line  passing  through  the  centre  of  the  pivots 
by  which  the  telescope  is  supported  in  its  wyes ;  and,  secondly,  the 
level  error,  by  which  this  last  line  deviates  from  the  horizontal  when 
the  bubble  is  in  the  centre.  Each  of  these  constants  may  be  determined 
by  the  device  proposed  by  Mr.  Edmands.  The  level  is  attached  to  the 
bar  carrying  the  wyes,  instead  of  to  the  telescope.  If  now  the  telescope 
is  turned  around  its  axis  180°,  the  mean  of  the  readings  in  the  two 
positions  will  eliminate  the  collimation.  The  value  of  this  constant  is 
equal  to  one  half  the  difference  in  these  readings.  The  level  error  is 
similarly  eliminated  or  determined  by  turning  the  telescope  end  for 
end  around  a  vertical  axis.  Rotating  the  telescope  around  a  horizontal 
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axis  perpendicular  to  its  own  axis,  gives  both  constants  together,  with- 
out distinguishing  between  them.  The  direction  of  the  three  axes 
around  which  the  telescope  should  be  rotated  to  give  the  collimation, 
level,  or  both  combined,  may  be  remembered  as  the  axis  of  the  tele- 
scope, the  vertical  cross-hair,  and  the  horizontal  cross-hair,  respectively. 
With  this  modification,  the  micrometer  level  compares  favorably  with 
the  vertical  circle  as  regards  economy  in  time  and  expense,  portability, 
and  accuracy  when  small  angles  are  to  be  measured. 

Before  this  modification,  the  difficulty  in  determining  the  combined 
level  and  collimation  error  was  avoided  by  observing  the  difference  in 
height  of  a  distant  and  near  mountain  which  are  nearly  in  line.  These 
were  commonly  so  selected  as  to  be  in  the  same  field  of  view.  It  was 
therefore  only  necessary  to  observe  the  difference  in  altitude  by  the 
micrometer  screw  under  various  atmospheric  conditions. 

The  first  series  of  measurements  were  made  on  Mt  Wachusett,  in 
Princeton,  Mass.,  on  June  22,  1877.  Accompanied  by  Col.  C.  W. 
Folsom,  I  reached  the  summit  at  about  noon.  The  observations  were 
begun  at  once  with  instrument  B,  and  were  continued  with  short  inter- 
missions until  nearly  eight  o'clock,  when  darkness  interfered.  The 
following  morning  was  exceptionally  clear,  and  observations  were  be- 
gun at  a  quarter  after  four,  and  continued  until  two  in  the  afternoon, 
when  we  left  the  summit 

Mt.  Monadnock,  Cheshire  Co.,  N.  H.,  was  visited,  July  3,  1877,  by 
Mr.  J.  R.  Edmands,  Professor  C.  £.  Fay,  and  myself.  We  reached 
the  summit  at  about  three  in  the  afternoon,  and  began  observing  with 
instrument  B.  The  air  was  so  hazy  that  the  Sandwich  range  was 
barely  visible,  and  Ascutney,  the  Southern  Eearsarge,  and  Gunstock 
were  the  most  distant  points  observed.  The  observations  were  aban- 
doned at  about  five  o'clock  on  account  of  the  increasing  haze.  On 
July  15,  1877,  Mr:  Edmands  and  I  visited  Mt.  Washington,  in  the 
White  Mountains,  where  we  remained  until  July  24.  The  almost  con- 
tinuous cloud  and  haze  prevented  much  work,  except  on  July  18,  when 
a  few  preliminary  observations  were  made  with  instrument  C ;  and  on 
July  21  and  22,  when  observations  were  obtained  with  D.  Mt  Eear- 
sarge, Merrimack  Co.,  N.  H.,  was  occupied  at  the  same  time  by  Mr. 
J.  B.  Henck,  Jr.,  with  instrument  A,  in  order  that  simultaneous  ob- 
servations might  be  obtained  at  the  ends  of  the  line  from  Mt.  Wash- 
ington to  Kearsarge. 

Observations  were  undertaken  in  August  and  September,  1877, 
at  Jefferson  Hill,  N.  H.,  by  Mr.  Henck,  and  at  East  Jefferson,  by 
Mr.  Edmands,  with  instruments  B  and  D,  respectively.     Agaiu  long 


OP  ARTS   AND  SCIENCES.  271 

periods  of  storm  and  haze  prevented  the  accomplishment  of  satis- 
factory work. 

Some  observations  were  obtained  by  Mr.  Edmands  from  Mt.  Starr 
King,  Coos  Co.,  N.  H.,  in  October,  1878.  In  November  and  Decem- 
ber of  the  same  year,  Mr.  Edmands  resided  at  Arlington  Heights,  Mass., 
for  the  purpose  of  obtaining  similar  observations. 

Plans  were  also  made  for  occupying  simultaneously  for  a  week 
Mts.  Moosilauk,  Kearsarge  (S.),  and  Wachusett,  which  lie  nearly  in 
a  straight  line.  Observations  could  thus  be  obtained  at  the  ends  and 
near  the  middle  of  a  line  nearly  a  hundred  miles  in  length. 

Much  time  was  lost,  owing  to  bad  weather,  when  stations  were  occu- 
pied which  were  especially  adapted  to  the  determination  of  the  atmos- 
pheric refraction.  That  a  very  distant  point  might  be  seen,  lofty  and 
comparatively  inaccessible  stations  were  required.  Moreover,  in  order 
that  observations  might  be  made  under  the  extremes  of  temperature 
and  other  atmospheric  conditions,  it  was  necessary  that  the  work 
should  extend  over  a  considerable  period  of  time.  A  series  of  meas- 
urements was  accordingly  undertaken  at  the  Harvard  College  Observa- 
tory, where  the  absence  of  very  distant  points  was  compensated  by  the 
ease  with  which  observations  could  be  made  at  all  times  and  seasons 
without  materially  interfering  with  other  work.  The  observations 
were  begun  on  January  3, 1882,  and  continued  until  January  26.  Dur- 
ing this  series  the  temperature  fell  as  low  as  — 15°  F.  The  position  of 
the  level  was  then  changed,  as  described  on  page  269.  A  second  series 
extended  from  May  6  to  August  7,  1882,  and  included  observations  in 
which  the  temperature  was  -f~91°  F*  All  the  observations  were 
made  with  instrument  D,  by  Mr.  Edmands  and  myself. 

Only  the  observations  made  at  Wachusett  and  at  the  Observatory 
will  be  considered  in  the  present  paper. 

I.  Waciiusett. 

The  micrometer  level  was  mounted  on  the  sill  of  the  north  window 
of  room  No.  19,  in  the  second  story  of  the  hotel,  on  the  summit  of 
Wachusett.  This  point  is  approximately  15m.  north,  3m.  west,  and 
4m.  above  the  United  States  Coast  Survey  bolt  in  the  top  of  the 
mountain.  The  effect  of  the  unsteadiness  in  the  support  is  almost 
entirely  eliminated  by  the  differential  character  of  the  observation. 
The  observations  were  made  by  directing  the  telescope  towards  the 
mountain  to  be  observed,  and  turning  the  screw  so  that  the  level-tube 
was  nearly  horizontal    The  position  of  the  screw,  of  the  two  eodt  of 
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the  bubble,  and  the  time,  were  then  recorded.  The  telescope  was  next 
directed  alternately  to  the  distant  and  near  mountains,  five  times  to 
each,  and  the  screw  readings  recorded.  The  level  was  then  again 
observed.  These  measures  constituted  one  set.  Sometimes  a  third 
mountain  was  also  observed,  and  sometimes  the  level  was  omitted. 
Care  was  taken  never  to  move  the  telescope  horizontally  during  a  set, 
and  when  several  points  were  observed,  they  were  always  measured  in 
the  same  order. 

Table  I.  gives  in  the  first  column  the  Greenwich  mean  time,  ex- 
pressed in  hours  and  tenths,  the  beginning  of  the  day  being  taken  at 
Greenwich  noon.  The  second  column  gives  a  designation  for  the 
object  pointed  at ;  and  the  third  gives  the  corresponding  mean  of  the 
readings  of  the  micrometer  screw.  L  is  used  to  denote  that  the  tele- 
scope was  level,  and  the  reading  in  the  third  column  is  here  corrected 
for  the  position  of  the  bubble.  The  objects  belonging  to  the  same 
set  are  indicated  by  placing  the  time  opposite  the  first  only. 

The  various  designations  in  the  second  column  have  the  following 
meanings :  — 

B.  Barrett  Hill.  Top  of  trees  on  hill  nearly  in  line  with  Moosilauk 
and  Kearsarge  (S).  £.  Mt.  Equinox.  G.  Gunstock.  Gp.  Gap Mt. 
Gr.  Greylock.  J.  Joe  English  Hill.  K.  Kearsarge  (S.).  The  ob- 
ject observed  was  the  base  of  the  house,  a  short  distance  from  the 
summit.  This  is  apparently  the  house  which  has  been  destroyed,  and 
not  that  now  standing  a  few  feet  only  from  the  summit.  Ki.  Killing- 
ton  Peak.  L.  Level,  as  stated  above.  M.  Moosilauk.  Mn.  Mo- 
nad nock.  P.  Passaconnaway.  Pi.  Piscataquog,  the  hill  nearly  in 
line  with  Whiteface.  W.  Whiteface.  1.  Summit  of  Kearsarge  (S.). 
2,  Top  of  house  on  Kearsarge  (S.).  3.  Summit  of  a  cloud-dome,  pre- 
sumably over  Mt.  Washington.  4.  Northwestern  of  the  Uncanoonucs. 
5.  Southeastern  of  the  Uncanoonucs.  6.  Cupola  of  Barnard  House, 
Arlington  Heights.  7.  Roof  of  barn  placed  in  right-hand  part  of  field 
to  determine  inclination  of  wire.  8.  Roof  of  barn  in  left-hand  part  of 
field.  The  two  sets  in  which  this  object  was  observed  showed  that  the 
inclination  of  the  wire  equals  0.6  division  for  l°.l,  or  about  8"  per 
degree,  including  error  in  level 
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TABLE  L  — Joubxal. 


G.  M.  T. 

Object 

8etting. 

0.  M.T. 

Otyect 

8ettinf. 

h. 

h. 

4.8 

L. 

142.86 

12.1 

G. 

249.78 

u 

Mo. 

72.40 

ii 

J. 

264.40 

4.0 

L. 

140.77 

12.2 

G. 

26606 

« 

1. 

27.80 

it 

J. 

269.94 

6.0 

L. 

138.97 

12.8 

W. 

60.38 

«< 

K. 

227.91 

ii 

3. 

68.2 

6.9 

L. 

160.04 

ii 

Pi. 

66.96 

«< 

Mn. 

80.72 

12.8 

G. 

261.46 

6.0 

L. 

148.81 

ii 

J. 

266.04 

«< 

K. 

287.22 

12.6 

G. 

62.78 

6.1 

L. 

146.97 

ii 

J. 

67.64 

« 

G. 

269.16 

12.6 

W. 

67.22 

« 

J. 

261.74 

ii 

Pi. 

72.06 

6.2 

L. 

160.46 

ii 

G. 

61.42 

<< 

Ki. 

280.78 

ii 

J. 

66.94 

« 

Gp. 
Ki. 

266.16 

21.0 

L. 

168.44 

6.3 

228  96 

ii 

G. 

62.42 

«i 

Gp. 

266.01 

(i 

J. 

69.30 

6.4 

Gl 

266.02 

21.1 

L. 

169.03 

ii 

J. 

268.74 

«i 

P. 

63.76 

7.1 

G. 

266.70 

a 

W. 

62.28 

<i 

J. 

268.88 

ii 

PL 

81.42 

7.2 

G. 

266.14 

21.2 

G. 

61.81 

ii 

J. 

269.18 

ii 

J. 

68.68 

7.2 

K. 

231.06 

21.6 

G. 

60.94 

ii 

B. 

244.44 

ii 

J. 

67.68 

7.8 

K. 

281.18 

21.7 

L. 

168.08 

ii 

B. 

248.82 

fl 

P. 

262.64 

10.1 

L. 

164.98 

tt 

W. 

260.72 

it 

Mn. 

86.00 

II 

Pi. 

279.88 

10.2 

L. 

160.97 

21.8 

L. 

167.92 

<i 

K. 

264.74 

ii 

M. 

266.14 

ii 

B. 

276.48 

ii 

K. 

266.60 

10.8 

1. 

261.46 

ii 

B. 

27908 

ii 

2. 

262.70 

21.8 

L. 

167.71 

ii 

K. 

268.72 

it 

Mn. 

87.90 

ii 

B. 

272.70 

21.9 

L. 

169.24 

10.4 

G. 

266.04 

ii 

Mn. 

88.34 

«i 

J. 

260.10 

22.0 

I,. 

167.91 

10.4 

K. 

233.98 

ii 

Ki. 

226.34 

ii 

B. 

247.70 

ii 

Gp. 

266.06 

10.8 

G. 

261.08 

22.2 

L. 

168.97 

ii 

J. 

266.22 

ii 

M. 

267.67 

10.8 

G. 

260.02 

«f 

K. 

264.94 

ii 

J. 

263.74 

ii 

B. 

278.02 

11.6 

G. 

263.82 

22.8 

L. 

168.90 

ii 

J. 

268.26 

ii 

P. 

262.86 

11.7 

K. 

267.02 

ii 

W. 

260.62 

ii 

B. 

268.34 

ii 

Pi. 

279.88 

11.8 

W. 

266.76 

22.8 

L. 

167.84 

«i 

Pi. 

269.92 

it 

G. 

260.96 

11.9 

G. 

266.18 

a 

J. 

267.84 

«i 

J. 

269.34 

23.0 

L. 

161.68 

12.1 

G. 

249.08 

ii 

Gr. 

192.38 

ii 

J. 

263.80 

• 

28.1 

L. 

164.86 

TOL.  XXI.  (N.  g.  XIII.) 
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TABLE  L  —  Continued. 


G  M.  T. 

Object. 

totting. 

G.  M.  T. 

Object 

Setting. 

h. 

h. 

23.1 

E.  . 

176.70 

4.2 

Pi. 

28128 

23.2 

L. 

167.66 

4.3 

L. 

164.19 

it 

P. 

261.88 

<i 

G. 

264.62 

tt 

W. 

269.76 

ii 

J. 

268.42 

it 

Pi. 

278.74 

4.4 

L. 

164.12 

23.3 

L. 

168.24 

ii 

G. 

265.36 

<i 

M. 

269.67 

<« 

J. 

268.06 

« 

K. 

266.18 

4.6 

L. 

155.36 

u 

B. 

278.46 

n 

M. 

286.40 

23.4 

L. 

166.76 

4.6 

L. 

153.44 

<< 

G. 

261.62 

ii 

J. 

267.20 

« 

J. 

267.20 

« 

4. 

264.75 

23.6 

L. 

167.27 

tt 

6. 

265.90 

<« 

G. 

262.64 

4.8 

L. 

152.96 

<< 

J. 

268.08 

it 

G. 

264.32 

0.7 

L. 

166.97 

ii 

J. 

267.48 

<« 

G. 

266.22 

4.9 

L. 

152.16 

a 

J. 

269.22 

« 

a 

268.40 

0.0 

L. 

167.87 

ii 

J. 

266.84 

«* 

Mn. 

86.96 

5.4 

L. 

179.24 

1.0 

L. 

167.92 

ii 

6. 

366.44 

«< 

Mo. 

87.16 

6.6 

L. 

144.92 

1.0 

L. 

156.92 

ii 

G. 

266  54 

« 

P. 

269.12 

<f 

J. 

259.76 

<l 

W. 

266.08 

62 

L. 

148.97 

« 

Pi. 

281.24 

ii 

G. 

260.52 

1.1 

L. 

160.29 

IC 

JL 

263.64 

• 

G. 

266.14 

62 

L. 

151.08 

<l 

J. 

268.74 

ii 

Mn. 

81.20 

1.2 

L. 

166.81 

6.3 

L. 

148.97 

«i 

G. 

265.74 

ii 

K. 

263.28 

« 

J. 

269.62 

« 

B. 

273.94 

1.4 

L. 

155.45 

6.4 

L. 

148.87 

it 

J. 

269.04 

ii 

P. 

264.78 

i« 

4. 

266.49 

ii 

W. 

262.02 

i< 

5. 

267.23 

ii 

Pi. 

274.90 

2.6 

L. 

153.88 

6.4 

L. 

149.60 

ii 

G. 

264.22 

ii 

Ki. 

228.44 

« 

J. 

267.98 

a 

Gp. 

254.22 

2.8 

L. 

153.35 

6.5 

L. 

148.87 

ii 

G. 

263.81 

u 

G. 

259.60 

IC 

J. 

266.78 

a 

J. 

263.26 

42 

L. 

166.34 

6.6 

7. 

29.84 

ii 

G. 

265.44 

ii 

8. 

29.24 

a 

J. 

268.80 

«< 

L. 

149.56 

4.2 

L. 

155.18 

a 

G. 

261.38 

ii 

P. 

269.26 

u 

J. 

264.12 

ii 

W. 

267.64 

Besides  the  above  settings,  the  altitudes  and  azimuths  of  alx 
thirty  mountains  were  taken  on  June  22  between  6h.4  and  7M,  a 
of  about  forty  more  on  June  23,  between  1\4  and  2\6.  The  to 
number  of  pointings  of  the  telescope  was  816,  and  of  level  readii 
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262,  although    the  entire  stay  upon   the  mountain  little  exceeded 
twenty-four  hours. 

The  most  complete  series  of  measurements  relates  to  the  compara- 
tive altitudes  of  Gunstock  and  Joe  English  Hill.  Table  II.  gives  in 
successive  columns,  first,  the  Greenwich  time  in  hours  and  tenths; 
secondly,  the  height  of  the  barometer  reduced  to  32°  F.  by  means  of 
the  reading  of  the  attached  thermometer ;  and,  thirdly,  the  tempera- 
ture of  the  outer  air  in  Fahrenheit  degrees.  These  quantities  are 
taken  from  curves  drawn  to  represent  the  observations  which  were 
made  at  intervals  during  the  day.  The  fourth  column  gives  the  zenith 
distance  of  the  sun  in  degrees  uncorrected  for  refraction.  The  next 
column  gives  the  apparent  height  of  Gunstock  above  Joe  English  in 
seconds  of  arc,  being  the  observed  micrometric  distance  multiplied 
by  13".95,  the  value  of  one  division  in  seconds.  From  the  assumed 
heights  of  the  two  hills  and  the  apparent  difference  in  altitude,  the 
coefficient  of  refraction  has  been  computed  by  Mr.  Edmands,  and  is 
given  in  the  last  column  but  one  of  the  table.  A  smooth  curve  was 
constructed  wiih  these  values,  and  the  last  column  gives  the  residual 
found  by  subtracting  the  result  given  by  the  curve  from  that  given  by 
observation.  Any  error  in  the  assumed  heights  of  the  three  points 
would  alter  the  coefficient  of  refraction  by  an  amount  constant  through- 
out the  table,  but  would  not  affect  the  amount  of  its  variation. 

Several  important  conclusions  may  be  drawn  from  Table  II.  The 
angular  interval  between  the  two  hills  gradually  increased,  and  with  it 
the  coefficient  of  refraction  gradually  diminished,  during  the  first  after- 
noon. The  changes  were  small  during  the  last  half-hour,  notwithstand- 
ing the  cooling  of  the  air  in  the  upper  regions  of  the  atmosphere,  and 
other  important  meteorological  changes  caused  by  sunset.  The  follow- 
ing morning  the  refraction  was  much  less,  increasing  during  the  morn- 
ing, and  becoming  somewhat  irregular  during  the  day.  These  changes 
are  much  greater  than  the  errors  of  observation,  as  is  shown  by  the 
accordance  of  successive  sets,  especially  on  the  afternoon  of  June  22. 

Table  III.  gives  the  comparison  of  the  observations  of  Passacona- 
way,  Whiteface,  and  Piscataquog.  The  first  column  gives  the  time, 
and  the  second  the  angular  interval  between  the  first  and  third  of  these 
mountains  expressed  in  seconds  of  arc.  The  next  column  gives  the 
corresponding  coefficient  of  refraction,  and  the  fourth  gives  the  resid- 
ual found  by  subtracting  from  this  coefficient  the  corresponding  ordi- 
nate of  the  smooth  curve  deduced  from  the  observations  given  in 
Table  II.  The  last  three  columus  give  the  corresponding  quantities 
for  the  line  Whiteface  and  Piscataquog. 
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TABLE  II.  —  Gunstock  and  Joe  English. 


G.  M.  T. 

Barom. 

Therm. 
F. 

Z.D. 

G.-J. 

Coef. 
Refrae. 

O.-C. 

h. 

in. 

o 

o 

;/ 

6.1 

27.62 

62 

25 

86 

.0708 

+.0001 

6.4 

27.62 

62 

28 

38 

.0707 

+.0001 

7.1 

27.64 

61 

85 

44 

.0702 

—.0001 

7.2 

27.64 

61 

86 

42 

.0704 

-f.OOOl 

10.4 

27.69 

67 

70 

67 

.0693 

—.0003 

10.8 

27.71 

56 

75 

68 

.0698 

—.0002 

10.8 

27.71 

56 

75 

52 

.0697 

+.0003 

11.6 

27.73 

54 

83 

62 

.0690 

—.0001 

11.9 

27.74 

64 

87 

58 

.0692 

+.0002 

12.1 

27.74 

64 

89 

66 

.0688 

—.0001 

12.1 

27.74 

64 

89 

64 

.0688 

—.0001 

12.2 

27.74 

54 

90 

68 

.0685 

—.0003 

12.3 

27.74 

54 

91 

64 

.0688 

.0000 

12.5 

27.75 

63 

93 

66 

.0686 

—.0001 

12.6 

27.76 

63 

93 

68 

.0689 

+.0002 

21.0 

27.87 

46 

94 

96 

.0665 

—.0001 

21.2 

27.87 

47 

92 

94 

.0667 

+.0001 

21.6 

27.88 

48 

88 

93 

.0667 

+.0001 

22.3 

27.90 

60 

80 

96 

.0665 

—.0003 

23.4 

27.91 

63 

68 

79 

.0677 

.0000 

23.6 

27.92 

53 

67 

03 

.0678 

.0000 

0.7 

27.94 

65 

66 

66 

.0694 

+.0001 

1.1 

27.94 

56 

60 

60 

.0698 

+.0003 

1.2 

27.94 

56 

48 

64 

.0695 

—.0001 

2.6 

27.95 

67 

84 

62 

.0696 

—.0003 

2.7 

27.95 

67 

32 

41 

.0704 

+.0004 

4.2 

27.93 

59 

19 

47 

.0700 

—.0001 

4.8 

27.93 

59 

19 

64 

.0695 

—.0006 

4.4 

27.93 

59 

19 

88 

.0707 

+.0006 

4.8 

27.92 

59 

19 

44 

.0702 

+.0001 

4.9 

27.92 

59 

19 

48 

.0700 

—.0001 

5.6 

27.90 

59 

21 

69 

.0692 

—.0009 

6.2 

27.89 

60 

26 

44 

.0703 

+.0002 

6.5 

27.88 

60 

29 

61 

.0697 

—.0004 

6.6 

27.88 

60 

30 

88 

.0707 

+.0006 

TABLE  III.  —  Passaconawat,  Whitepace,  and  Piscataquoo. 


G.  M.  T. 

P. -Pi. 

Ret 

O.-C. 

W.  — PI 

Ret 

0.  — C. 

h. 
11.6 

198 

.... 

•  •  •  • 

it 
224 

.0670 

—.0021 

12.3 

.... 

•  •  •  • 

•  •  •  • 

231 

.0667 

—.0021 

12.5 

. . » • 

.... 

•  •  •  • 

207 

.0677 

—.0010 

21.1 

24( 

.0669 

+.0003 

267 

.0652 

—.0014 

21.6 

242 

.0671 

+.0005 

267 

.0652 

—.0014 

22.5 

244 

.0670 

+.0002 

270 

.0651 

—.0017 

232 

23'» 

.0674 

.0000 

279 

.0647 

—.0027 

1.0 

169 

.0700 

+.0005 

211 

.0676 

—.0020 

4.2 

168 

.0701 

.0000 

190 

.0684 

—.0017 

6.4 

141 

.0712 

+.0010 

180 

.0688 

—.0018 
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TABLE  IV.  —  Moosilack,  Kearsarge,  and  Barrett  Hill. 


0.  M.  T. 

M.  — B. 

Ref. 

0.— c. 

K.— B. 

h. 

99 

a 

10.2 

•  •  •  • 

•  •  •  • 

•  •  •  • 

164 

10.3 

•  •  •  • 

•  •  •  • 

•  *  •  * 

157 

11.7 

•  •  •  • 

•  •  •  • 

•  .  •  . 

158 

21.6 

31V) 

.0697 

+  .0080 

189 

22.6 

288 

.0710 

+.0043 

182 

28.3 

278 

.0713 

+.0037 

186 

6.3 

•  •  •  • 

•  •  •  • 

•  • .  • 

149 

Table  IV.  gives  the  corresponding  results  for  Moosilaak,  Kearsarge, 
and  Barrett  Hill.  The  last  two  columns  are  omitted,  since  the  height 
of  Barrett  Hill  is  not  known  with  sufficient  precision  to  compute  them. 

The  height  of  the  station  occupied  on  Wacbusett  is  620  meters.  The 
heights  and  distances  of  the  various  points  considered  in  Tables  II. 
and  HI.  are  as  follows :  —  Gunstock,  height,  730  m.,  distance,  121.5  km. 
Joe  English  Hill,  height,  401  m.,  distance,  54.1  km.  Passaconnaway, 
height,  1280  m.,  distance,  167.5  km.  White  face,  height,  1221  m., 
distance,  164.7.  Piscataquog,  height,  368  m.,  distance,  48  km.  Moosi- 
lauk,  height,  1466  m.,  distance,  170.3  km.  Kearsarge  (S.),  height, 
897  m.,  distance,  99  km. 

The  general  agreement  of  these  results  is  shown  in  the  following 
diagram,  where  abscissas  represent  times,  and  ordinates  the  angular 
distance  given  in  Tables  II.,  III.,  and  IV.     The  letters  6,  K,  P,  W, 
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and  M  respectively  indicate  Gunstock,  Kearsarge  (S.),  Passaconna- 
way,  Whiteface,  and  Moosilauk,  as  in  Table  I. 

II.    Harvard  College  Observatory. 

The  station  occupied  was  on  the  southern  corner  of  the  western  bal- 
cony of  the  Sears  Tower  of  the  Harvard  College  Observatory.  Its 
height  is  about  30  meters  above  mean  tide  level.  Three  points  were 
selected  very  nearly  in  line  which  are  designated  below  as  A9  B,  and 
C.  A  is  the  summit  of  Fen  no's  Peak,  the  second  highest  of  the  Blue 
Hills  of  Milton,  and  nearly  the  most  distant  terrestrial  object  visible 
from  the  Observatory.  Its  height  is  about  160  m.,  and  its  distance  as- 
sumed to  be  18.865  km.  B  is  the  top  of  the  chimney  of  the  house 
No.  20  Terrace  Avenue,  Roxbury  District,  Boston.  Its  distance  is 
assumed  to  be  7.042  km.  C  is  the  top  of  the  roof  at  the  base  of  the 
lightning-rod  of  the  gasholder  on  Everett  Place,  Cambridge.  Its  as- 
sumed distance  is  0.700  km.  B  is  about  6'  below  A,  and  C  about 
17'  below  B.  Each  set  consisted  of  nine  settings  in  the  order  ABO 
AB  CAB  C,  the  readings  being  made  to  tenths  of  one  division  of  the 
micrometer  screw.  The  mean  of  the  three  readings  of  A  was  then 
subtracted  from  the  corresponding  means  of  B  and  C.  The  various  seta 
are  enumerated  in  Table  V.  The  successive  columns  give  a  number 
for  reference,  the  date,  and  the  hour  and  tenth  in  Greenwich  mean 
time.  The  day  is  here  assumed  to  begin  at  Greenwich  noon,  or  at 
about  seven  o'clock  in  the  morning  of  Cambridge  mean  time.  The  only 
occasion  on  which  the  day  changes  during  a  series  of  observations  is 
between  Nos.  120  and  121.  The  barometric  pressure  in  inches  after 
correction  for  the  temperature  of  the  mercury,  and  the  temperature  in 
degrees  Fahrenheit,  are  given  in  the  next  columns.  These  are  followed 
by  the  intervals  A  C  and  BO  expressed  in  seconds  of  arc.  One  divis- 
ion of  the  micrometer  is  assumed  to  be  equal  to  14".2,  in  accordance 
with  a  determination  made  at  that  time.  As  the  observations  are  dif- 
ferential, the  uncertainty  in  the  value  of  this  constant  will  be  inappre- 
ciable in  the  result  The  following  column  gives  the  zenith  distance 
of  the  sun  in  degrees.  The  next  two  columns  give  the  residuals  in 
seconds,  found  by  subtracting  from  the  observed  value  of  AC  its  mean 
value,  1392",  and  also  the  same  residuals  after  applying  the  correction 
for  temperature  and  pressure  to  be  described  below.  The  last  col- 
umn but  one  gives  the  probable  error  of  a  single  setting,  expressed  in 
seconds  of  arc,  derived  from  the  accordance  of  the  individual  readings. 
The  last  column  gives  the  initial  of  the  observer.  E.  indicates  the 
observations  of  Mr.  Edmands,  and  P.  my  own  observations. 
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TABLE  V.  —  Journal. 


No. 


1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
80 
31 
82 
33 
84 
35 
36 
37 
38 
39 
40 
41 
42 
48 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 


O.  M.  T. 


1882. 
Jan. 


ff 


ft 


If 


(f 


ff 


II 


ff 


If 


II 
ff 
II 


Jan.     4 


ii 


if 


ii 


Jan.     5 


u 


u 


Jan. 


ii 


ii 


if 


Jan.   22 


fi 


Jan.  23 


if 


if 


if 


n 


if 


ii 


n 


ff 


i< 


Jan.  24 


if 


ft 


ft 


it 

it 
if 


Jan.  25 


ii 
f< 
ff 
ff 


ft 


Jan. 
May 


26 

4 


tf 


h. 

3.6 
3.5 
8.3 
9.2 
9.3 
9.4 
9.5 
9.6 
9.7 
9.8 
9.9 
10.0 
10 
2.0 
5.3 
6.1 
1.1 
5.2 
8.2 
0.9 
0.9 
1.6 
2.7 
3.2 
4.4 
3.6 
56 
7.5 
9.2 
9.6 
9.7 
9.7 
9.9 
10.0 
10.1 
10.2 
0.4 
0.6 
1.0 
1.1 
8.2 
6.8 
7.2 
9.2 
10.0 
0.3 
0.6 
1.7 
8.9 
9.9 
10.1 
7.5 
1.7 
2.9 


Bar. 


In. 
80.01 
80.01 
29.98 
29  98 
29.98 
29.98 
29.98 
29.98 
29.98 
29.98 
29.98 
29.98 
80.27 
80.30 
30.87 
30.39 
30.64 
30.68 
30.64 
29.85 
29  85 
29.87 
29.89 
29.46 
29.46 
30.01 
80.01 
30.07 
30.11 
30.13 
30.13 
30.14 
80.14 
80.16 
30.16 
30.16 
80.69 
30.69 
30.59 
30.60 
30.66 
30.64 
30.66 
30.67 
30.70 
80  62 
30.62 
30.61 
80.42 
30.41 
30.41 
29.79 
29.71 
29.70 


Th. 


+12 
+12 
+22 
+20 
+20 
+  19 
+19 
+19 
+18 
+18 
+17 
+17 
+  3 
+  3 
+  6 
+  8 
0 

+  « 
+20 

+£3 

+33 

+34 
+36 
+38 
+38 
+  4 
5 
4 


+ 

+ 

+  8 

+  3 
3 
2 
2 
2 


+ 
+ 
+ 
+ 
+  1 
+  1 
—16 
—14 
—13 
—13 
—  8 
+  2 
+  3 

a 

0 

4-  l 

+  4 
+26 
+25 
+25 
+42 
+69 
+62 


AC. 


n 

406 
404 
404 
407 
412 
412 
415 
420 
422 
428 
425 
450 
406 
405 
399 
404 

•  •  • 

428 

•  •  • 

405 
410 
407 
401 
403 
391 
398 
889 
392 
394 
398 
394 
397 
405 
895 
414 
387 
407 
414 
410 
412 
409 
389 
398 
402 
413 
480 
440 
424 
405 
406 
416 
411 
386 
382 


B  C.     San. 


n 


1016 
1008 
1013 
1014 
1016 
1013 
1010 
1015 
1016 
1008 
1020 

•  •  •  • 

1002 
1002 
1006 
1000 
1040 
1016 
1008 
1036 
1007 
1008 
1005 
1010 
1000 
1004 
1000 

099 
1000 
1002 
1003 
1008 
1006 
1000 
1018 

996 
1006 
1010 
1004 
1013 
1008 

999 
1004 
1009 
1018 
1012 
1010 
1001 
1000 

997 

991 
1016 
1001 

994 


68 
08 
82 
88 
89 
90 
91 
92 
93 
94 
95 
96 
77 
76 
67 
69 
82 
67 
78 
77 
83 
78 
70 
65 
62 
64 
64 
76 
84 
88 
89 
89 
91 
92 
93 
94 
84 
82 
78 
77 
64 
66 
72 
84 
92 
84 
82 
73 
81 
91 
93 
74 
48 
86 


Rm. 

R«. 

P.E. 
ii 

Oba. 

n 

n 

+14 

—  6 

3.3 

P. 

+12 

—  6 

0.9 

E. 

+12 

—  9 

8.2 

P. 

+16 
+20 

—  6 

1.1 

M 

—  1 

2.0 

II 

+20 

0 

1.7 

II 

+23 

+  3 

1.7 

l« 

+28 

+  8 

1.6 

If 

+30 

+10 

2.3 

If 

+81 

+11 

2.8 

If 

+33 

t14 
+39 

6.3 

ff 

+58 

7.6 

ff 

+14 

+  1 

8.3 

If 

+18 

0 

1.8 

E. 

+  7 

—  6 

4.9 

P. 

+12 

—  2 

3.0 

i* 

•  •  •  • 

•  •  •  • 

4.0 

it 

+81 

+20 

2.6 

ii 

•  •  •  • 

•  •  •  • 

2.2 

•I 

+13 

—13 

•  •  • 

i< 

+18 

—  8 

27 

i< 

+16 

—11 

2.1 

ii 

+  9 

+16 

2.4 

m 

+11 

+16 

2.4 

if 

—  1 

+  8 

0.9 

ff 

+  6 

—  9 

2.2 

E. 

—  8 

+16 

2.1 

»i 

0 

—14 

1.8 

u 

+  2 

—11 

1.8 

p. 

+  6 

—  7 

6.2 

E. 

+  2 

—11 

2.0 

P. 

+  6 

—  8 

2  9 

if 

+13 

0 

1.6 

E. 

+  8 

—10 

22 

P. 

+22 

—  3 

2.0 

E. 

—  6 

—18 

4.9 

P. 

+15 

+11 

4.6 

ff 

+22 

t17 
+18 

0.9 

M 

+18 

2.6 

«< 

4-20 

+15 

2.7 

E. 

+17 

+11 

2.7 

P. 

—  3 

—13 

8.7 

<i 

+  6 

—  6 

2.6 

« 

+10 

—  1 

1.4 

«f 

+21 

+10 

8.8 

ff 

+88 

+29 

1.9 

E. 

+48 

+88 

6.G 

<f 

+32 

+21 

1.9 

P. 

+13 
+13 

—  7 

2.2 

E. 

—  7 

2.1 

t 

+23 

+  3 

2.1 

«« 

+19  1  —10 

1.8 

P. 

—  6  '  +  6 

2.4 

•« 

-to, 

+  1 

0.9 

*f 
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„ 

G.M.T. 

..,. 

». 

-«■ 

,;,, 

,„, 

»... 

IU. 

1882.        h. 

In. 

„ 

„ 

55 

May     4     3.8 

29.08 

+06 

1884 

1002 

29 

—  8 

-  2 

4.4 

r. 

55 

6.0 

20.66 

+67 

1383 

tf'A! 

27 

—  0 

0 

9.8 

:.7 

62 

20.66 

-67 

1307 

1012 

27 

+  5 

-14 

2.7 

B. 

.".I 

5.8 

2083 

-00 

1378 

901 

■jo 

—14 

—  8 

BJB 

P, 

M) 

8.0 

20.57 

-'lb 

1060 

062 

40 

—23 

—14 

7.4 

N 

8.0 

29.68 

-68 

1388 

906 

54 

—  0 

0 

2.2 

til 

May     5    0.8 

29.78 

-45 

1386 

995 

7,7 

-  B 

+  11 

53 

8.6 

-is  I 

47 

1888 

1005 

SI 

+13 

.14 

o-i 

5.5 

29.70 

-lb 

LS78 

1000 

28 

—16 

+  1 

64 

CI 

8-7 

-lit 

1370 

988 

<v.i 

—  6 

;..! 

65 

Miiy    6    2.B 

31MI| 

-17 

l.isi 

984 

—11 

+  7 

1.0 

on 

M«y  31     1.8 

29.79 

-66 

1373 

996 

40 

—10 

—  0 

6.8 

i;t 

1.7 

iii  7o 

-08 

1881 

091 

44 

—11 

7-0 

m 

4.1 

20.75 

■ 

n 

1391 

1008 

22 

—  1 

■!     7 

8.6 

June    2    20 

20.70 

59 

1372 

1M.-, 

II 

—20 

—  7 

■J.'.' 

70 

8.4 

20.78 

-82 

1884 

1009 

27 

—  8 

+  6 

71 

4-7 

29.79 

- 

85 

1370 

1008 

20 

—IB 

—  2 

1.0 

73 

10.8 

20.77 

■ 

-00 

1873 

995 

72 

— w 

—10 

14 

78 

12  4 

29.79 

-u 

141b 

1025 

02 

+26 

+  11 

8.1 

74 

June    5    HO 

29.55 

68 

1370 

1000 

I! 

—22 

—14 

8J> 

IB 

0.0 

20.55 

W 

1389 

094 

56 

—10 

1.4 

78 

12.1 

29.59 

-63 

1800 

997 

b!l 

—  2 

+  10 

&0 

77 

"        13.4 

liN.IJU 

-62 

1109 

1016 

92 

+  17 

+18 

44 

7b 

June  24    4.8 

vs. si 

1877 

901 

20 

—15 

24 

Til 

54 

29.80 

-bb 

1367 

07;i 

■1\ 

—25 

+18 

bl 

"           6.4 

29.83 

-01) 

1881 

077 

20 

—28 

+  9 

8.7 

Bl 

7.4 

29.83 

-01 

1868 

082 

;jii 

—24 

+13 

2.4 

Ba 

8.4 

2941 

-in 

1361 

076 

50 

—81 

+  6 

2.1 

93 

9.4 

20.61 

HOI 

1372 

086 

61 

—20 

+18 

8.6 

bl 

10.3 

29.61 

-so 

1380 

DbO 

70 

—  12 

—  9 

34 

85 

July  11     7.2 

29.02 

■01 

1363 

987 

:.1T 

—S3 

+12 

2.1 

Ba 

9.1 

llli  Ml 

-89 

1386 

991 

58 

—  7 

—  6 

8.1 

87 

9.4 

2040 

■87 

1384 

803 

m 

—  8 

—  8 

14 

Aug.    6     2.5 

29.97 

+80 

1;-W7 

994 

::s 

—  6 

+  1 

1.0 

r 

3.n 

29.04 

+88 

I  ;iv; 

995 

27 

—10 

-  B 

14 

BO 

5.7 

20.08 

+91 

1*89 

004 

28 

—  8 

—  S 

2.8 

r. 

01 

5.8 

29.91 

+91 

1372 

089 

20 

—20 

0 

8.1 

E. 

n 

0.7 

20.01 

+01 

1381 

982 

38 

—11 

—  8 

a.4 

r 

S3 

7  9 

20.90 

+88 

1382 

089 

48 

—10 

—  6 

1.4 

M 

8.7 

29.89 

+87 

1884 

083 

57 

—  b 

—  I 

2.2 

05 

"           9.7 

29.6B 

+88 

V,:s 

088 

71 

—  11 

-10 

8.1 

B8 

10.7 

20.88 

+88 

1389 

099 

7H 

+ 1 

B7 

11.4 

20.88 

+84 

1398 

1006 

85 

+  * 

+11 

8.1 

% 

n 

11.0 

20.89 

^b! 

1401 

lolli 

b7 

+  * 

+1* 

BO 

11.0 

20.88 

+B3 

1398 

1009 

b7 

+  4 

+  « 

2.1 

in1) 

11.7 

2088 

+88 

1307 

1006 

bb 

--« 

In 

3.0 

l'(| 

11.0 

29.88 

+83 

1402 

1007 

00 

--10 

-17, 

8.0 

P. 

U)2 

12.0 

29.88 

+82 

y.\K, 

008 

01 

+  8 

-  b 

82 

1')! 

12.2 

29.88 

+82 

1896 

906 

0.1 

+  « 

-   b 

1.4 

1D| 

12.3 

29.88     +81 

1300 

000 

94 

—  S 

+  4 

1.1 

11.)-) 

12.3 

29.88     +81 

1:184 

007 

01 

—  2 

1.4 

M«; 

12.4 

29.88  '  +80 

1364 

06 

-2b 

+1S 

84 

1"7 

"         21.4 

29.85  ;  +71 

"907 

93 

0.3 

k. 

Mb 

21.6 

29.85     +71 

995 

01 

1.6 
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O.M.T. 
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1883.       h. 

In. 

„ 

109 

Aug.    6  21.7 
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■ 

71 
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90 

2& 

E. 

no 

ai.8 
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71 
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MO 
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in 
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29.85 
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BE 

23 

ns 

»        22.3 

20.85 

1000 

84 

1,7 
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22.4 

20.84 

71 

we 

88     .... 

2.8 

11-1 

22.4 

29.84 

71 

OH 

83  |  .... 

2.2 

llf) 

29.84 

71 

1394 

997 

76  i+  2 

+ii 

2.8 

ue 

23.2 

Bi».  78 

1896 

1002 

74  |  +  4 

+18 

■y:: 

117 

29.79 

- 

-72 

1906 

090 

72+3 

+12 

4J 

118 

23.6 

29  80 

-72 

1384 

093 

70—8 

+  1 

;.;<i 

119 

"        28.7 

20.80 

78 

1388 

008 

68—9 

M 

l-JH 

■f9.Hl 

-78 

1387 

007 

67  |  —  B 

+  a 

2,1 

1-1 

Aug.    7     0.0 

29.81 

-74 

1389 

007 

66 

f  6 

2.1 

122 

0.1 

2H.M2 

74 

1404 

904 

64 

+12 

+20 

i.e 

lit 

0.7 

20..-2 

-78 

1884 

987 

67 

—  8 

4.8 

r 

12* 

2U.80 

79 

1S87 

087 

47 

—  6 

+  1 

;;.l 

lii:"i 

2.7 

20.80 

83 

1384 

988 

87 

—  8 

—  8 

S.D 

1:;<; 

8.7 

29.K0 

-U 

1889 

086 

20 

-in 

—  u 

L.2 

i'j; 

4.7 

29.78 

-88 

1386 

087 

20 

—  7 

—  4 

l-JN 

5.7 

29715 

-88 

1379 

981 

—18 

—  in 

1.0 

120 

6.7 

20  7:1 

-90 

1302 

076 

87 

—80 

+  6 

2.0 

i:xt 

6.8 

29.72 

-90 

1368 

—24 

1.6 

181 

7.4 

29.72 

-00 

1366 

974 

44 

~T. 

h 

8.2 

1:12 

7.7 

29.71 

-B9 

1367 

086 

47 

—26 

2.8 

i:::.( 

e.6 

29.7(1 

-86 

1392 

1008 

66 

0 

+  * 

0.7 

r. 

i::i 

9.0 

iit.r.n 

-84 

1384 

1002 

67 

—  8 

—  4 

22 

)::;. 

9.7 

29.(19 

>-84 

1384 

1003 

68 

-8 

—  4 

\A 

13(1 

9.9 

20  89 

-88 

1386 

1006 

70 

-7 

—  8 

1.8 

|:;7 

10.1 

20..W 

|-83 

1886 

11  Mi,-, 

78 

—  7 

—  t 

2.8 

i:i* 

10.8 

20.118 

■82 

1881 

](KI'J 

76 

—11 

—  6 

2.1 

LBfl 

10.4 

20  lit* 

82 

1892 

1000 

TO 

0 

-M 

1.8 

140 

10.G 

29.H7 

|-81 

1891 

1003 

77 

—  1 

+  * 

1.9 

in 

'29.117 

■81 

1S96 

1001 

87 

+  8 

4-  B 

1.8 

V 

143 

11.7 

29.-18 

-80 

1890 

904 

86 

—  2 

T  8 

%a 

148 

11.8 

29  79 

■80 

1888 

094 

80 

—  4 

+ 1 

1.7 

144 

119 

20.  J 1 

■79 

1397 

096 

DO 

+  6 

tn 

1.9 

146 

12.0 

20.71 

" 

h79 

1893 

001 

01 

+  1 

+  T 

8.0 

Additional  evidence  regarding  the  condition*  under  which  tLeee  ob- 
servaiiona  were  made  is  furnished  by  the  following  note*. 

1.  Sun  shining,  snow  on  ground.     Images  somewhat  unsteady. 
12.  B  invisible,  A  and  C difficult,  owing  to  darkness. 

15.  Wind  very  high. 

16.  Image  of  A  unsteady. 

17.  Hazy  to  south,  but  sun  shining  brightly. 

20.  The  readings  for  A  are  74.8,  79.7,  and  98.8 ;  for  B,  08.6, 
07.8,  and  26.3 ;  for  C,  76.9,  81.2,  and  98.2.  The  cause  of  this  cari- 
ous change  is  not  certain.    It  was  obvious  to  the  eye,  the  croat-wirat 
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appearing  to  withdraw  from  A  after  they  had  been  set  upon  it.  Ice 
had  filled  the  holes  in  which  the  points  of  the  tripod  rested,  and 
probably  caused  this  motion.  It  may,  however,  have  been  due  to 
a  real  change  in  the  refraction,  or  to  a  change  in  the  instrument, 
which  had  just  been  removed  from  a  warmer  place.  In  the  subse- 
quent sets  the  positions  of  A>  B,  and  C  remained  constant  near  91, 19, 
and  90. 

24.  Air  unusually  clear  and  steady.     Wind  high.     Sun  shining. 

25.  Cloudy. 

26.  Sun  shining,  wind  high. 

36.  C  difficult  on  account  of  darkness ;  settings  discordant. 

37.  Air  clear,  wind  light. 
46.  Hazy.     A  difficult. 

53.  Cloudy  and  a  little  hazy,  but  images  good. 

65.  Images  very  bad. 

74.  Broken  clouds,  sun  shining  on  C  and  Observatory. 

75.  Broken  clouds,  sun  shining  on  A. 

86.  Heavy  thunder-storm  to  the  southwest. 

87.  A  seen  with  difficulty  owing  to  intervening  rain. 
107.  A  hidden  in  mist. 

Fifty-two  sets  were  taken  during  the  winter,  and  gave  the  mean 
value  of  ACz=  1408",  and  BC=  1008".  The  mean  height  of  the 
barometer  was  30.21  in.,  and  of  the  thermometer  11°.  Ninety-two 
sets  were  taken  in  warm  weather,  and  gave  AC=  1384",  and  BO  = 
995".     Barometer  29.78  in.,  thermometer  76°. 

The  mean  value  of  AC  for  the  whole  series  was  1392",  and  that  of 
BC=  1000".  The  extreme  range  of  the  barometer  was  from  30.70 
to  29.45  in.,  or  1.25  in.  The  thermometer  varied  from  +91°  to 
—  16°,  or  107°.  The  various  values  of  AG  differ  from  their  mean 
of  1392"  on  the  average  by  16".8.  But  nearly  all  of  the  residuals 
of  the  winter  observations  are  positive,  those  in  summer  negative. 
If  the  residuals  of  each  series  are  taken  from  the  mean  of  that 
series,  the  average  value  is  reduced  to  8".5.  This  is  nearly  the  same 
as  8."3,  the  mean  of  the  residuals  after  correcting  for  temperature 
and  pressure.  The  probable  error  of  a  single  setting  is  2".7,  both 
in  the  winter  and  summer  observations.  Since  three  pointings  are 
made  on  each  object,  the  errors  of  observation  are  much  less  than 
the  deviations  due  to  refraction.  Moreover,  some  observations  are 
included  in  which  one  or  more  of  the  objects  were  seen  with  great 
difficulty,  on  account  of  haze,  unsteadiness  of  the  air,  or  increasing 
twilight.     Probably  the  error  due  to  phase  caused  by  varying  illu- 
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mination,  personal  equation,  and  other  causes,  greatly  exceeds  this, 
especially  on  an  object  like  a  hill-top,  on  which  there  is  no  signal  to 
be  observed. 

To  study  the  nature  of  the  variations  they  have  been  grouped  in 
Table  VI.,  according  to  the  zenith  distance  of  the  sun,  the  height  of 
the  barometer,  the  height  of  thermometer,  and  the  logarithm  of  the 
correction  for  temperature  and  pressure  according  to  Bessel's  formula 
for  refraction.  In  each  portion  of  the  table  the  first  column  gives  the 
approximate  mean  value  of  the  argument  in  each  group ;  the  second, 
the  number  of  sets ;  the  third,  the  mean  value  of  AC. 

TABLE  VI.  —  Grouping  op  Observations. 


8uif'S  ZlKITH  DlSTAKCK. 

BAKoicmm. 

Z.  D. 

No. 

AC. 

Reading. 

No. 

AC. 

o 

81 
82 
83 
84 
86 
86 
87 
88 
89 
90 
91 
92 
93 
94 
96 
96 

1 

•  • 

•  • 

2 
1 

•  • 

8 
4 
6 
8 
6 
4 
4 
4 
2 
1 

1406.0 

1398.0 
1398.0 

1397.3 
1898.0 
1396.2 
1403.7 
1402.6 
1409.2 
1411.6 
1396.0 
1394.6 
1460.0 

in. 
29.40 
29.60 
29.60 
29.70 
29.80 
29.90 
30.00 
30.10 
30.20 
30.80 
80.40 
30.60 
80.60 
30.70 

1 

2 

10 

22 

30 

20 

16 

6 

8 

2 

6 

•  • 

8 
6 

tt 

1403.0 
1380.6 
1884.6 
1383.9 
1889.8 
1401.9 
1409.7 
1396.7 
1898.7 
1406.6 
1406.6 

1408.2 
1409.0 

Thirmomxtd. 

BissEL'tf  Rxnuonam. 

Reading. 

No. 

AC. 

Log- 

No. 

AC. 

o 

—10 
0 
+  10 
+20 
+30 
+40 
+60 
+60 
+70 
+80 
+90 

6 

20 

6 

10 

6 

4 

6 

8 

20 

28 

24 

1410.4 
1403.6 
1407.2 
1411.9 
1408.2 
1401.6 
1380.2 
1390.0 
1384.8 
1389.4 
1874.6 

—.030 
—.020 
—.010 
.000 
+.010 
+.020 
+.030 
+.040 
+.060 
+.060 
+.070 

36 

30 

16 

8 

6 

8 

18 

8 

16 

7 

6 

13789 
1889.0 
188CL3 
1877.8 
1896.6 
1407.8 
1416.6 
1899.7 
1400.9 
1413.7 
1410.4 
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The  first  part  of  this  table  shows  that  no  appreciable  effect  is  pro- 
duced on  the  refraction  by  the  varying  altitude  of  the  sun.  This  con- 
clusion was  also  derived  from  tbe  observations  on  Wachusett.  The 
group  corresponding  to  a  zenith  distance  of  96°  consists  of  a  single 
set,  No.  12.  The  separate  settings  are  discordant,  the  observation 
was  very  uncertain  on  account  of  the  darkness,  and  B  had  become  in- 
visible. A  variation  in  the  refraction  is  obvious  wben  either  the 
barometer  or  thermometer  varies.  Low  temperatures  are,  however, 
accompanied  by  high  pressures,  as  is  shown  in  the  mean  values  given 
on  page  282.  The  effect  of  these  two  causes  cannot  readily  be  dis- 
tinguished. Probably  both  act,  since  both  affect  the  density  of  the 
air.  The  grouping  according  to  both  temperature  and  pressure  shows 
that  ihis  correction  is  a  real  one,  and  should  be  applied,  although  this 
is  not  customary  in  geodetic  work. 


TABLE   VII.  —  Constants  o 


Dim. 

0   M.T. 

U* 

CS.L 

Alt 

ta 

a* 

1882. 

h. 

„ 

August  0 

2.7 

-19 

-1-128 

—  329 

—3 

0 

34 

-12 

+  12(1 

—  322 

—5 

C 

7.3 

39 

+  125 

—  813 

+4 

c 

11.4 

-12 

+  183 

+1083 

A 

-14 

+129 

+  088 

B 

-14 

+128 

—  318 

a 

21.3 

+13B 

+  6S1 

B 

+  136 

—  814 

+3 

a 

-  2 

+131 

+  687 

B 

-  4 

+  131 

—  311 

+« 

a 

232 

-  7 

+132 

+1078 

A 

-  9 

+132 

-     UNI 

B 

-  7 

+  132 

—  317 

"o 

C 

-  8 

+  182 

—  315 

+2 

O 

23.7 

-11 

+129 

+  1076 

A 

-  6 

+  133 

+  owo 

It 

-   0 

+133 

—  315 

+2 

C 

Augutt  7 

0.4 

-  9 

+133 

+1008 
+  fiHO 

A 

-  ? 

+136 

B 

-  7 

+136 

—  323 

Ho 

a 

10.1 

-  B 

+  129 

+  1008 

A 

- 

-5 

+  139 

+  082 

B 

- 

-3 

+  127 

—  322 

—5 

C 

A  series  of  measurements  was  made  on  August  6  and  7  to  deter- 
mine the  steadiness  of  the  constants  of  the  instrument.  In  Table  VII. 
the  successive  columns  give  the  date,  the  Greenwich  mean  time,  the 
level,  the  collimation,  and  tbe  absolute  altitude  of  the  point  observed, 
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in  seconds  of  arc  The  mean  altitude  of  the  nearer  point,  C,  was 
found  by  these  observations  to  be  — 317",  and  the  next  column  gives 
the  residual  from  this  mean.  The  last  column  gives  the  object  ob- 
served, C  being  employed  to  indicate  a  second  point  on  C,  which 
with  certain  illuminations  was  more  readily  seen.  O  was  found  to  be 
277"  below  C,  and  the  measures  of  its  altitude  have  been  corrected 
by  that  amount. 

The  average  value  of  the  residuals  in  the  last  column  but  one  is 
3."4,  which  shows  the  degree  of  accuracy  that  may  be  attained  with 
this  instrument  in  determining  absolute  altitudes.  The  accuracy,  port- 
ability, and  cheapness  of  the  micrometer  level  ought  to  render  it  use- 
ful for  many  purposes/  Valuable  work  could  be  done  with  it  from 
any  station  commanding  a  distant  view.  Observations  of  distant  points 
in  different  azimuths,  under  varying  meteorological  conditions,  are  still 
much  to  be  desired. 

From  the  differential  character  of  the  observations  described  above, 
it  has  not  been  necessary  to  consider  the  curvature  of  the  earth,  or  its 
variation  in  different  azimuths,  in  the  present  discussion. 
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XV. 
ATMOSPHERIC  REFRACTION. 

By  Edwabd  C.  Pickering. 

Oommmnnicated  December  0. 1886. 
PART  II. 

The  observations  described  in  Part  I.  relate  exclusively  to  the  re- 
fraction of  the  portion  of  the  air  between  two  objects  on  the  surface 
of  the  earth.  In  astronomical  observations  we  have  to  consider  the 
effect  of  the  entire  column  of  air  traversed  by  the  light  from  an  object 
outside  the  earth's  atmosphere  until  it  reaches  the  observer.  The 
variation  of  this  quantity,  and  the  effect  of  local  causes  upon  it,  is 
an  important  source  of  error  in  many  astronomical  observations.  For 
instance,  the  systematic  differences  in  the  declinations  of  the  southern 
stars,  as  determined  at  different  observatories,  may  be  due  to  different 
refractions  near  the  northern  and  southern  horizons.  The  study  of 
this  matter  has  usually  been  left  to  the  large  alt-azimuths  and  transit- 
circles  to  be  found  in  an  astronomical  observatory.  From  the  fixed 
position  of  these  instruments  it  is  not  easy  to  vary  the  -conditions  as 
much  as  might  be  desired.  We  are  therefore  ignorant  of  the  varia- 
tions of  the  refraction  in  different  azimuths,  or  the  effect  upon  it  of 
the  proximity  of  large  masses  of  water,  of  forests,  or  of  snow-covered 
mountains.  Even  its  variations  in  different  parts  of  the  world  are 
but  little  known,  and  it  is  usual  to  employ  the  refraction  tables  of 
Bessel,  or  those  of  the  Pulkova  Observatory,  under  the  most  varied 
conditions  of  climate  or  local  surroundings.  The  micrometer  level 
seems  to  be  especially  adapted  to  measuring  the  atmospheric  refrac- 
tion, and  it  is  hoped  that  the  observations  described  below  will  show 
that  it  is  quite  practicable  for  a  traveller  to  determine  this  quantity 
at  any  point  where  the  results  are  likely  to  be  of  interest.  Not  the 
least  interesting  of  the  results  which  may  be  thus  obtained  is  the 
determination  of  the  law  regulating  the  refraction  at  great  elevations. 
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The  use  of  the  micrometer  level  is  limited  to  altitudes  of  three  or 
four  degrees ;  but  within  these  limits  the  refraction  and  its  uncertain 
variations  are  so  large  that  angular  measurements  of  great  accuracy 
are  not  required.  The  only  instruments  needed  are  the  micrometer 
level,  a  chronometer  with  some  means  of  determining  its  error  and 
rate,  a  barometer,  and  a  thermometer. 

The  observations  described  below  consisted  in  a  series  of  determina- 
tions of  the  corresponding  altitudes  and  times  at  which  the  sun  or  a 
star  gradually  approached  the  horizon.  A  complete  observation  con- 
sisted in  observing  the  temperature  and  pressure  of  the  air,  and  de- 
termining the  error  of  the  chronometer  by  comparing  it  with  a  standard 
clock  whose  error  was  known.  The  micrometer  level  was  then  placed 
in  position  on  the  west  balcony  of  the  dome  of  the  Harvard  College 
Observatory,  and  its  collimation  and  level  constants  determined  as 
described  on  page  269.  The  telescope  was  next  turned  nearly  in  the 
direction  in  which  the  sun  or  star  would  set,  and  several  readings  of 
the  level  taken  in  various  azimuths.  A  series  of  measures  was  then 
made  of  the  apparent  altitude  of  the  object  as  it  approached  the  hori- 
zon, and  the  corresponding  times.  Finally,  the  preliminary  measures, 
or  such  a  portion  of  them  as  seemed  to  be  essential,  were  repeated. 
When  the  sun  was  observed,  the  settings  were  first  made  on  its  lower 
limb  until  it  disappeared  below  the  horizon,  and  then  the  upper  limb 
was  measured  until  it  also  disappeared.  For  night  observations,  a  fine 
needle  was  inserted  in  the  field,  and  this  formed  a  dark  bar,  which 
was  visible  against  the  sky  without  the  necessity  of  a  special  field 
illumination. 

A  summary  of  the  measures  is  contained  in  Table  VIII.,  which 
gives,  in  successive  columns,  a  number  for  reference,  the  date,  the 
approximate  Greenwich  mean  time,  and  the  object  observed.  These 
are  followed  by  the  number  of  settings  made,  the  corrected  atmos- 
pheric pressure  in  ;nches,  and  the  temperature  in  Fahrenheit  degrees. 

Series  2  to  8  inclusive  were  made  bv  Mr.  D.  B.  Pratt,  the  others  by 
myself.  Of  the  settings,  329  were  made  on  a  Bootis,  294  on  the  upper 
limb  of  the  sun,  and  122  on  the  lower  limb,  or  745  in  all. 

The  value  of  the  instrumental  constants  employed  are  given  in  Table 
IX.  The  successive  columns  give  a  number  for  reference,  the  date, 
and  the  Greenwich  mean  time.  The  next  four  columns  give  the  ap- 
parent elevation  of  the  object  observed  with  the  instrument  placed  in 
its  four  different  positions,  0^  0„  E0  and  E^  The  mean  of  these 
four  readings  gives  the  apparent  height  of  the  object  The  excess  of 
either  of  the  four  readings  over  the  mean  gives  the  correction  io 
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TABLE  VIII.— Summary  of  Series. 


No. 

Date. 

0  M.  T. 

Object. 

No.  Obi. 

Barometer. 

Ex.  Therm. 

1885. 

h. 

in. 

o 

1 

Aug.    8 

12.7 

Sun 

09 

80.072 

69.2 

2 

"      11 

11.8 

«< 

88 

29.965 

76.1 

8 

"     14 

11.7 

it 

34 

29.660 

78.2 

4 

"     15 

11.7 

a 

26 

29.867 

66.6 

6 

"     22 

11.6 

<« 

60 

29.886 

76.6 

6 

Sept   2 

11.2 

a 

76 

80.034 

65.0 

7 

"      2 

15.3 

a  Boons 

39 

30.084 

65.0 

8 

"       8 

11.2 

Sun 

83 

80.012 

69.9 

9 

"     20 

14.2 

aBootia 

51 

30.222 

48.0 

10 

«     21 

14.1 

u 

45 

29.991 

62.1 

11 

Oct.    10 

12.8 

«« 

60 

80.076 

62.4 

12 

"     17 

123 

u 

65 

29.988 

60.8 

13 

"     26 

11.8 

tt 

89 

30.149 

44.2 

be  applied  to  measures  made  in  the  corresponding  position  of  the  in- 
strument. The  position  of  the  instrument  actually  employed  was  Opt 
except  in  the  observations  to  which  Nos.  20  to  31  relate,  when  it  was 
Ov.  The  corresponding  excess  is  given  in  the  next  column.  The 
last  two  columns  give  the  values  of  the  oollimation  and  level  error, 
in  seconds  of  arc. 

During  September  the  level  was  used  in  some  geodetic  observations 
among  the  mountains  of  New  Hampshire  and  Vermont  Nos.  20  to 
25  were  taken  from  the  top  of  Mt.  Moosilauk,  and  Nos.  26  to  31 
from  Mt.  Mansfield.  Although  the  instrument  was  carried  in  a  wagon 
over  rough  mountain  roads,  the  effect  on  its  constants  seemed  to  be 
inappreciable.  The  level  error,  as  shown  in  the  last  column,  did 
not  appear  to  change  perceptibly  during  the  entire  series.  The  colli- 
mation  at  first  underwent  a  singular  change  which  may  have  been  due 
to  a  looseness  of  the  screws  holding  the  reticule.  No  change  appears 
to  have  taken  place  during  a  single  series  of  observations,  since  the 
collimation  was  always  substantially  the  same  before  and  after  it,  that 
is,  in  the  pairs  of  measures  made  upon  the  same  date.  The  effect  is 
therefore  eliminated  in  the  final  results.  No  change  appears  to  have 
taken  place  after  September  3. 

Nos.  11,  15,  16,  19,  32,  33,  34,  35,  36,  and  37  relate  to  the  needle 
used  to  observe  a  Booth ;  in  the  other  cases  the  intersection  of  the 
cross- wires  was  observed.  The  interval  between  them  was  about  85 
divisions,  which  affects  the  collimation,  but  not  the  level,  to  this  extent. 

In  No.  10  the  reading  of  Ev  has  been  assumed  to  be  in  error  by  one 
turn  of  the  screw ;  otherwise,  the  observed  value  would  be  —46.7. 
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TABLE  IX.  —  Constants  of  Instrument. 


No. 
1 

Date. 

G.M.T. 

h. 
11.6 

Op. 

Op. 

Ep. 

Ev. 

Ex. 

CoL 

Level. 

Aug.  8 

—  16.1 

—  21.7 

+  22.6 

+  16.1 

+  2.7 

tt 
+    46 

0 

2 

"      8 

12.7 

—  17.1 

—  18.8 

+  20.0 

+  16.7 

+  0.8 

+    21 

0 

8 

"    11 

11.6 

—  18.0 

—  19.0 

+  19.3 

+  17.0 

+  03 

+     11 

—  3 

4 

"    11 

11.8 

—  18.0 

—  19.6 

+  19.7 

+  18.0 

+  0.8 

+     11 

0 

5 

u    14 

11.4 

—  21.0 

—  13.4 

+  14.2 

+  22.1 

—  33 

—    64 

+  7 

6 

"    14 

11.7 

—  21.4 

—  14.0 

+  13.0 

+  21.6 

—  3.9 

—    66 

—  3 

7 

"    15 

11.7 

—  28.4 

—  12.6 

+     8.6 

+  26.0 

—  9.8 

—  110 

—25 

8 

«    22 

11.1 

—  42.9 

—  19.0 

+  19.7 

+  42.6 

—11.9 

—  168 

+  1 

9 

M    22 

11.6 

—  41.9 

—  19.2 

+  19.8 

+  42.8 

—11.0 

—  160 

+  « 

10 

"    29 

11.2 

—  47.5 

—  92.2 

+  93.1 

+  68.3 

+24.0 

+  294 
+  967 

+24 

11 

u    31 

11.4 

—  21.5 

—161.2 

+160.6 

+  23.0 

+70.1 

+  3 

12 

Sept.  1 

11.0 

—  36.6 

—  10.0 

+    9.7 

+  33.4 

—18.3 

—  172 

—  9 

13 

M     2 

10.8 

—  36.0 

—  10.7 

+     9.6 

+  38.8 

—18.6 

—  173 

—11 

14 

«     2 

11.2 

—  80.7 

—    7.2 

+    7.8 

+  30.4 

—14.7 

—  193 

+  1 

15 

"     2 

14.7 

+128.0 

—  17.4 

+  16.7 

—123.6 

+09.0 

+  976 

—  9 

10 

"     2 

15.3 

+123.0 

—  17.2 

+  30.6 

—131.6 

+71.3 

+1064 

+14 

17 

"      3 

10.7 

—  28.2 

—  17.4 

+  10.6 

+  20.5 

—  0.0 

—    73 

—  9 

18 

"      8 

11.2 

—  20.2 

—  16.7 

+  17.2 

+  28.4 

—  4.1 

—    73 

+10 

19 

"      8 

16.1 

+130.1 

—  20.3 

+  27.0 

—122.0 

+80.4 

+1066 

+31 

20 

"     6 

8.6 

—148.3 

—149.3 

+163.9 

+160.1 
+150.0 

+  2.1 

+     17 

+22 

21 

"      6 

0.0 

—150.1 

—163.0 

+  164.6 

+  1.9 

+    24 

+  7 

22 

"      7 

1.6 

+  76.1 

+  70.7 

—  70.0 

—  74.8 

+  2.3 

—     81 

+  1 

23 

"      7 

4.8 

—170.6 

—180.5 

+181.4 

+177.9 

+  2.0 

—    27 

+  e 

24 

"      7 

7.9 

—177.4 

—180.6 

+180.0 

+177.6 

+  1.0 

+    22 

0 

25 

«      7 

11.8 

—112.8 

—110.2 

+  116.9 

+  112.0 

+  1.4 

+    29 

0 

26 

"    10 

4.0 

—216.9 

—211.4 

+212.4 

+216.3 

—  1.9 

+    29 

+  6 

27 

"    10 

6.6 

—177.9 

—181.0 

+181.0 

4-178.3 

+  1.9 

—    26 

+  1 

28 

"    12 

8.0 

+  79.0 

+  74.8 

—  78.2 

—  79.8 

+  2.4 

+    89 

4-i 

29 

"    12 

10.8 

+  79.2 

+  74.0 

—  76.1 

—  78.6 

+  2.6 

—    81 

—  1 

30 

f<    16 

1.9 

+  77.3 
+  70.6 

+  74.8 

—  73.7 

—  78.0 

+  1.5 

+    26 

0 

31 

"    16 

8.4 

+  74.0 

—  78.4 

—  76.0 

+  1.8 

+     18 

h  4 

32 

"    20 

14.2 

—108.0 

—282.3 

+283.8 

+112.3 

+88.0 

+1206 

-20 

83 

"    21 

14,1 

+  64.3 

—117.6 

+  121.8 

—  61.1 

+87.7 

+1201 

-24 

34 

"    27 

12.4 

—112.0 

—288.2 

+283.9 

+  113.0 

+86.9 

+1190 

-  7 

35 

Oct.  10 

12.8 

+  140.5 

—  29.4 

+  33.2 

—138.4 

+80.4 

+1192 

-22 

36 

««    14 

11.4 

+176.6 

+     6.2 

—    6.0 

—174.4 

+83.6 

+1186 

-  6 

37 

«    17 

12.3 

+126.6 

—  46.3 

+  47.4 

—123  7 

+86.4 

+1198 

-14 

38 

"    26 

11.8 

—112.0 

—284.6 

+282.6 

+115.1 

+86.6 

-t-1186 

-  4 

These  results  have  next  been  compared  with  Bessel's  refractions  by 
the  aid  of  Table  X.  This  gives  the  mean  refraction  for  altitudes  of 
every  100"  from  the  horizon  to  5°,  for  a  temperature  of  48°.8  and 
a  barometric  pressure  of  29.6  inches.  The  altitude  corresponding  to 
any  refraction  given  in  the  table  is  found  by  adding  the  argument  at 
the  top  of  the  column  to  that  given  in  the  first  column,  all  the  quan- 
tities being  expressed  in  seconds  of  arc  Thus  the  refraction  1815" 
corresponds  to  the  altitude  1400",  618"  to  16900",  etc. 

After  applying  the  corrections  for  temperature  and  pressure  of  the 
air  to  each  observation,  the  residuals  have  been  found  by  subtracting 
tol.  xxi.  (n.  s.  xm.)  19 


290 


PROCEEDINGS  OP  THE   AMERICAN   ACADEMY 


TABLE  X.  —  Mean  Refractions. 


Alt. 

00 

1U0 

2&0 

|  .300 

4O0 

600 

(300 

/6o 

800 

stto 

00 

2094 

2078 

2062 

2031 

2010 

1990 

1969 

1949 

1929 

1909 

1000 

1890 

1871 

1862 

1834 

1815 

1797 

1779 

1762 

1744 

1727 

2000 

1710 

1693 

1677 

1660 

1643 

1627 

1612 

1597 

1581 

1666 

8000 

1650 

1636 

1621 

1607 

1498 

1479 

1465 

1452 

1439 

1426 

4000 

1413 

1400 

1387 

1375 

1363 

1351 

1339 

1327 

1316 

1306 

6000 

1296 

1284 

1273 

1202 

1251 

1241 

1231 

1221 

1211 

1202 

6000 

1192 

1183 

1174 

1166 

1166 

1147 

1138 

1180 

1122 

1114 

7000 

1106 

1097 

1089 

1081 

1073 

1065 

1058 

1051 

1043 

1036 

8000 

1029 

1022 

1016 

1008 

1001 

994 

987 

980 

974 

968 

9000 

961 

966 

948 

942 

935 

929 

923 

917 

911 

905 

10000 

900 

804 

888 

882 

877 

871 

866 

861 

866 

860 

11000 

846 

840 

834 

829 

824 

819 

814 

810 

805 

800 

12000 

796 

791 

786 

782 

777 

773 

768 

764 

760 

766 

18000 

762 

748 

744 

740 

736 

733 

729 

725 

721 

717 

14000 

714 

711 

707 

703 

699 

695 

692 

688 

685 

682 

16000 

678 

676 

672 

669 

665 

662 

659 

656 

663 

650 

16000 

646 

643 

640 

687 

634 

631 

627 

624 

621 

618 

17000 

616 

612 

609 

606 

603 

600 

697 

594 

592 

689 

TABLE  XL — Number  of  Observations. 


Alt 

1. 

9. 

3. 

4. 

s. 

6. 

8. 

9. 

10. 

11. 

19. 

13. 

o   / 

020 

1 

80 

1 

6 

40 

8 

4 

8 

2 

2 

60 

18 

6 

7 

4 

•  * 

6 

8 

8 

2 

1  0 

16 

6 

6 

4 

1 

7 

6 

2 

3 

10 

8 

1 

6 

4 

8 

4 

4 

8 

2 

•  • 

•  • 

2 

20 

8 

•  • 

•  • 

8 

5 

4 

4 

2 

2 

•  • 

•  • 

4 

30 

8 

•  • 

•  • 

4 

2 

3 

4 

3 

3 

•  • 

•  • 

5 

40 

8 

3 

•  • 

5 

3 

8 

4 

2 

2 

4 

•  • 

6 

50 

5 

6 

3 

2 

3 

8 

4 

2 

2 

4 

•  ■ 

6 

2  0 

4 

4 

•  • 

8 

3 

4 

3 

8 

5 

2 

5 

10 

4 

3 

•  • 

4 

3 

4 

2 

1 

6 

2 

6 

20 

2 

1 

■  • 

3 

3 

4 

2 

8 

5 

5 

6 

30 

3 

•  • 

•  • 

3 

3 

4 

2 

2 

3 

4 

6 

40 

2 

•  • 

•  • 

4 

3 

4 

1 

3 

1 

4 

6 

50 

8 

1 

•  • 

•  * 

8 

8 

4 

3 

2 

•  • 

8 

6 

3  0 

8 

•  • 

•  • 

•  • 

2 

3 

4 

2 

2 

1 

4 

6 

10 

4 

•  • 

•  • 

•  • 

3 

4 

4 

2 

2 

6 

4 

5 

20 

•  • 

•  • 

1 

•  • 

3 

3 

3 

2 

2 

4 

4 

6 

80 

•  • 

•  • 

2 

•  • 

3 

3 

1 

1 

2 

4 

6 

5 

40 

•  • 

•  • 

1 

•  • 

3 

4 

•  • 

2 

2 

4 

8 

6 

50 

2 

3 

•  • 

2 

2 

2 

2 

8 

4  0 

•  • 

•  • 

•  • 

•  ■ 

2 

3 

•  • 

2 

1 

2 

3 

2 

10 

2 

•  • 

1 

2 

20 

1 

•  • 

•  • 

2 

30 

2 

•  • 

•  ■ 

1 

40 

1 

•  • 

•  • 

3 

50 

•• 

1 
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from  them  the  refraction  as  given  by  Bessel.  These  residuals  are 
arranged  in  groups  in  Tables  XI.  and  XII.  Each  group  extends  over 
10',  its  central  point  being  given  in  the  first  columns.  Table  XI. 
gives  the  number  of  residuals  contained  in  each  group,  and  Table  XII. 
their  mean  value.  The  corresponding  number  of  the  series  is  given  at 
the  top  of  each  column.  The  measures  of  the  upper  and  lower  limbs 
of  the  sun  are  combined,  as  there  seems  to  be  no  systematic  difference 
between  them.  Series  7  is  omitted,  since  there  is  an  error  in  the  num- 
ber of  turns  of  the  micrometer  screw,  or  in  the  number  of  minutes  in 
the  observed  times. 

The  results  of  these  two  tables  are  combined  in  Table  XIII.  The 
successive  columns  give  the  altitude,  the  corresponding  refraction 
according  to  Bessel,  the  total  number  of  observations  of  the  sun,  and 
of  a  Bootis.  The  next  two  columns  are  derived  from  Table  XII.,  and 
give  the  means  of  the  residuals  contained  in  that  table  relating  to  the 
sun,  and  the  means  of  those  relating  to  a  Bootis. 

TABLE  XII.  — Mean  Residuals. 


Alt. 

1. 

8.        3. 

4. 

5. 

6. 

8. 

9. 

10. 

11. 

1ft. 

13. 

O         I 

0  20 

—173 

. 

30 

—131 

—  92 

•  • 

•  • 

»  • 

•  • 

40 

—121 

•   •                •  • 

•  • 

•  • 

—129 

—117 

4-40 

—29 

»  • 

•  • 

60 

—180 

—  96  —65 

—76 

•  • 

—137 

—119 

+  16 

—24 

t  • 

•  • 

1    0 

—  142 

—119  —03 

—78 

—76 

—134 

—110 

—26 

—26 

\  • 

•  • 

10 

—139 

—146  —78 

—52 

—89 

—119 

—104 

—23 

—21 

t  • 

—28 

20 

—114 

•  •               •  • 

—66 

—86 

—104 

—  98 

+  1 

—68 

»  • 

-46 

80 

—123 

*  •               •  • 

—64 

—74 

—  61 

—  80 

0 

—29 

•  • 

—26 

40 

—128 

—  40 

—70 

—64 

—107 

—  79 

+  8 

—68 

— ie 

»  • 

—29 

60 

—140 

—  72  —74 

—91 

—69 

—117 

—  88 

+22 

—28 

—13 

»  • 

—36 

2    0 

—  41  —86 

•  • 

—69 

—110 

—  92 

+16 

—26 

0 

—44 

—88 

10 

_  63  —64 

■  • 

-64 

—  06 

—  82 

+20 

—14 

—  6 

—68 

—27 

20 

—  88  —63 

»  • 

—43 

—  25 

—  78 

+16 

—20 

—16 

—45 

—29 

80 

—  29       .. 

i  • 

—36 

—111 

—  61 

+37 

4-4 

—  6 

—40 

—28 

40 

—  66       .. 

►  • 

—49 

—  85 

—  69 

+26 

—  9 

+  2 

—89 

—21 

60 

—  88 

—  89       .. 

i  • 

—20 

—  81 

—  60 

+20 

—  4 

•  • 

—82 

—  6 

3   0 

—  00 

—37 

—  78 

—  61 

+29 

—  2 

—  9 

—82 

+  * 

10 

—  94 

i  • 

—29 

—  82 

—  70 

+65 

—  2 

+  « 

—84 

+  * 

20 

•  • 

..  —69 

i  • 

—20 

—  66 

—  60 

+26 
+60 

+12 

+11 

—20 

+10 

80 

»  • 

..  —32 

i  • 

—20 

—  61 

-  61 

+  ° 

—  6 

—21 

+12 

40 

•  • 

..  —62 

i  • 

—14 

—  60 

•  • 

+66 

+26 

v\ 

-  8 

+24 

60 

—10 

—  68 

i  • 

+34 

+12 

-hH 

+1» 

4   0 

—12 

—  67 

i  • 

+62 

—  2 

+16 

+  « 

+  » 

10 

+62 

+1» 

—48 

. . 

20 

+69 

.  • 

+M 

•  • 

80 

+60 

.  • 

+u 

.  a 

40 

+66 

.  • 

+83 

•  a 

60 

+22 

.  . 
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TABLE  XIII. 


A  11. 

Domol 

No. 

Mean. 

AIL 

Ref. 

8. 

a. 

8. 

a. 

O    ' 

010 

1862 

1 

■  ■ 

—178 

•  • 

80 

1744 

6 

•  • 

—111 

•  • 

40 

1643 

20 

4 

—122 

+  6 

60 

1660 

48 

6 

—106 

—  4 

1  0 

1466 

46 

6 

—107 

—26 

10 

1387 

86 

7 

—104 

—24 

20 

1816 

24 

8 

—  91 

—34 

80 

1261 

21 

11 

—  78 

—18 

40 

1102 

26 

18 

—  83 

—24 

60 

1188 

26 

14 

—  92 

—14 

2  0 

1080 

18 

18 

—  78 

—17 

10 

1048 

18 

16 

—  66 

—17 

20 

1001 

18 

21 

—  47 

—19 

80 

061 

13 

17 

—  69 

—  6 

40 

923 

18 

16 

—  66 

—  8 

60 

888 

10 

14 

—  68 

—  6 

3  0 

866 

17 

16 

—  66 

—  2 

10 

824 

16 

18 

—  09 

h  8 

20 

706 

10 

18 

—  61 

-  8 

80 

768 

9 

17 

—  41 

-  9 

40 

744 

8 

16 

—  45 

-25 

60 

721 

6 

11 

—  89 

-17 

4  0 

699 

6 

10 

—  40 

-17 

10 

678 

•  • 

6 

•  • 

-11 

20 

659 

•  • 

8 

•  • 

-36 

80 

640 

•  • 

3 

•  • 

-37 

40 

621 

•  • 

4 

•  • 

« 

-44 

60 

608 

•  • 

1 

•  • 

-22 

The  fact  noticed  by  Argelander,  that  the  refraction  derived  from  the 
setting  sun  is  less  than  that  of  a  star  is  well  shown  in  this  table.  The 
difference  amounts  to  one  or  two  minutes  of  arc. 

In  this  investigation  the  value  of  one  division  of  the  screw  in  seconds 
must  be  known  with  accuracy.  It  was  therefore  redetermined  August 
6,  1885,  with  the  same  result,  13".95,  as  that  originally  found. 

This  paper  is  intended  to  show  that  the  micrometer  level  is  capa- 
ble of  giving  useful  results  where  a  larger  instrument  has  generally 
been  considered  necessary.  Its  portability,  and  the  rapidity  with 
which  observations  may  be  made  by  it,  adapt  it  especially  to  the  wants 
of  travellers,  and  would  permit  the  accumulation  of  valuable  informa- 
tion regarding  the  atmospheric  conditions  of  comparatively  inaccessi- 
ble points.  If  required,  much  greater  accuracy  could  doubtless  be 
attained  than  is  indicated  by  the  stellar  observations  described  above. 
The  instrument  was  mounted  on  a  wooden  balcony,  and  the  times  were 
only  taken  to  whole  seconds.     Instead  of  moving  the  telescope  each 
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time,  it  might  be  better  to  have  a  series  of  lines  in  the  field,  and  ob- 
serve the  transits  over  each,  as  in  a  meridian  instrument.  The  advan- 
tages of  the  two  forms  of  instrument  employed,  attaching  the  level  to 
the  telescope  or  to  the  wyes,  will  vary  with  the  surrounding  conditions. 
The  principal  objection  to  the  second  method  is  the  time  required  to 
determine  the  constants.  This  may  be  done  almost  equally  well  when 
the  level  is  attached  directly  to  the  telescope,  by  taking  reciprocal  read- 
ings from  two  points  one  or  two  hundred  yards  apart.  The  variations 
of  the  instrumental  constants  will  also  doubtless  be  less  with  this  form 
of  instrument.  In  either  case,  if  many  observations  are  to  be  taken 
from  a  given  station,  it  is  advisable  to  determine  once  for  all  the  abso- 
lute altitude  of  some  convenient  object,  and  refer  everything  to  that, 
like  the  meridian  mark  of  a  transit  instrument 
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XVI. 

A  NEW  FORM  OF   POLARIMETER. 

By  Edward  C.  Pickering. 

Presented  May  26,  1886. 

Two  instruments  have  been  proposed  for  measuring  the  relative 
intensity  of  the  components  of  a  ray  of  polarized  light.  First,  the 
Arago  polarimeter,  in  which  a  number  of  glass  plates  are  placed  in 
front  of  a  Savart  polariscope,  and  may  be  inclined  at  any  desired  angle. 
Bands  are  produced  by  the  Savart  plate,  which  are  made  to  disappear 
by  inclining  the  plates  so  as  to  neutralize  the  polarization  of  the  beam. 
The  inclination  of  the  plates  is  a  measure  of  the  intensity  of  the  polari- 
zation. Secondly,  a  polarimeter  was  devised  by  the  writer,*  in  which 
the  light  is  admitted  through  a  rectangular  aperture,  two  juxtaposed 
images  of  which  are  formed  by  a  double-image  prism.  If  the  light  is 
polarized,  the  two  rectangles  will  be  of  unequal  brightness.  Interpos- 
ing a  Nicol  prism,  the  two  images  may  always  be  rendered  equal  by 
rotating  the  Nicol.  The  intensity  of  the  polarization  is  measured  by 
the  cosine  of  the  angle  of  rotation.  The  principal  objection  to  the 
Arago  polarimeter  is,  that  the  law  connecting  the  inclination  of  the 
plates  and  the  amount  of  polarization  is  extremely  complex,  and  is  best 
determined  experimentally  in  each  case.  This  instrument  is  also  ill 
adapted  to  measure  a  ray  which  is  almost  perfectly  polarized,  but  when 
the  polarization  is  slight,  the  well-known  sensitiveness  of  the  Savart 
bands  renders  the  accidental  errors  small.  The  other  form  of  polar- 
imeter is  open  to  the  objection  that  it  is  not  very  sensitive  when  the 
polarization  is  slight  On  the  other  hand,  the  amount  of  polarization  is 
directly  connected  with  the  angle  of  rotation  of  the  prism  by  a  simple 
formula,  and  when  a  ray  is  strongly  polarized  it  gives  excellent  results. 
The  advantages  of  both  instruments  appear  to  be  combined  in  the 
following  modification  ot  the  second  instrument     The  greater  sensi- 
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tiveness  of  the  Arago  polarimeter  seems  to  be  due  to  the  fact,  that,  in- 
stead of  comparing  the  brightness  of  the  field  on  two  sides  of  the  line 
separating  them,  the  comparison  may  be  made  on  both  sides  of  each 
band,  or  throughout  nearly  the  whole  field.  Accordingly,  the  rectan- 
gular aperture  was  replaced  by  a  series  of  metallic  bars  separated  by 
intervals  exactly  equal  to  their  width.  The  double-image  prism  is 
then  placed  at  such  a  distance  that  the  separation  of  the  images  shall 
equal  the  width  of  the  bars,  so  that  the  two  images  of  the  intervals 
shall  be  exactly  in  contact.  If  this  condition  is  fulfilled,  the  bands 
will  disappear,  and  the  field  will  be  perfectly  uniform  when  the  Nicol 
is  turned  so  that  the  two  images  have  equal  intensity.  A  slight  mo- 
tion of  the  Nicol  will  render  the  bands  alternately  light  and  dark,  and 
the  exact  point  of  disappearance  may  be  determined  with  much  pre- 
cision. The  sensitiveness  appears  to  be  even  greater  than  that  of  the 
Savart  plate,  since  the  change  in  brightness  is  abrupt  at  the  edges  of 
the  band,  instead  of  varying  continuously  from  the  centre  of  the  band 
to  the  centre  of  the  interspace.  The  bands  were  made  by  cementing 
a  piece  of  tin-foil  to  a  plate  of  glass,  ruling  a  series  of  parallel  lines 
upon  it,  and  removing  the  foil  from  the  space  between  the  second  and 
third,  and  the  fourth  and  fifth  lines,  &c.  It  was  necessary  that  these 
intervals  should  be  made  less  than  the  interval  between  the  first  and 
second,  and  the  third  and  fourth  lines,  &c.,  by  the  width  of  the  line 
cut  in  the  foil ;  otherwise  the  bands  would  be  narrower  than  the  inter- 
spaces by  this  amount  The  bands  might  also  be  sawed  out  of  a  plate 
of  brass,  and  finished  with  a  file.  Since  the  separation  of  the  images 
produced  by  Iceland  spar  varies  with  the  angular  direction  of  the  ray 
traversing  it,  the  bands  will  not  disappear  in  all  parts  of  the  field  at 
once.  This,  however,  is  rather  an  advantage,  since  the  eye  is  extremely 
sensitive  to  a  certain  phase,  in  which  the  bands  reappear  equally  in  the 
two  sides  of  the  field.  A  pointer  serves  to  guide  the  eye  to  the  centre 
of  the  field.  Should  it  be  desirable  to  employ  a  large  field,  the  rays 
may  be  rendered  parallel  by  a  convex  lens  at  a  distance  from  the  eye 
equal  to  its  focal  distance.  There  are  some  advantages  in  substituting 
a  simple  plate  of  Iceland  spar  for  the  double- image  prism.  The  rays 
compared  then  come  in  the  same  direction,  instead  of  being  inclined 
by  an  angle  equal  to  that  of  the  images  of  the  prism.  The  two  images 
do  not  lie  in  the  same  plane.  This  may  be  remedied  by  inclining  the 
bars  so  that  the  right-hand  edges  shall  always  be  in  front  or  behind 
the  left-hand  edges.  If,  however,  the  bands  are  narrow,  and  are 
placed  at  the  distance  of  distinct  vision,  this  error  is  unimportant,  and 
the  bands  may  be  made  to  disappear  almost  entirely. 
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Removing  the  Nicol  prism,  this  polarimeter  becomes  a  very  sensitive 
polari scope.  The  plane  of  a  polarized  raj  may  be  found  by  turning  it 
until  the  bands  disappear,  when  the  plane  of  the  prism  will  be  inclined 
45°  to  the  plane  of  polarization. 

In  the  paper  referred  to  above,  it  was  shown  that  the  polarization 

d        A  — B  o 

P=  J-ri  =  cos2«;, 

in  which  A  and  B  represent  the  intensity  of  the  two  components  of 
the  polarized  beam,  and  v  is  the  angle  between  the  position  in  which 
the  two  images  are  equal  and  that  in  which  one  of  them  disappears. 
Of  course  the  bands  must  first  be  placed  parallel,  or  perpendicular  to 
the  plane  of  polarization  of  the  ray.  It  is  best  to  set  the  Nicol  prism 
in  the  four  positions  in  which  the  bands  disappear.  Subtracting  the 
first  reading  from  the  second,  and  the  third  from  the  fourth,  and  add- 
ing the  differences,  gives  4  v.  The  observations  are  thus  rendered 
symmetrical,  the  uncertain  point  of  disappearance  of  the  images  is 
eliminated,  and  the  errors  of  observation  are  reduced  one  half  as  com- 
pared with  a  single  setting. 

Table  1.  serves  to  reduce  the  observations.  The  argument  gives  the 
sum  of  the  two  differences  found  by  subtracting  the  first  reading  from 
the  second,  and  the  third  from  the  fourth.  The  tabular  number  gives 
the  corresponding  polarization.  If  the  sum  of  the  differences  exceeds 
180°,  it  must  be  subtracted  from  360°.  This  may  be  avoided  by 
beginning  with  the  second  reading. 

TABLE  I.  — Reduction  Tablb. 


2v 

.0 

.1 

.* 

.3 

.4 

.5 

.6 

.7 

.8 

.» 

o 

0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

1 

100.0 

100.0 

100.0 

100.0 

100  0 

100.0 

100.0 

100.0 

100.0 

100.0 

2 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

3 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

09.9 

999 

4 

00.9 

99.9 

99.9 

99.9 

99.9 

99.9 

99.9 

99.9 

99.9 

99.9 

5 

09.9 

90.9 

09.9 

99.9 

99.9 

99.9 

99.9 

99.9 

99.9 

99.9 

6 

999 

99.9 

998 

99.8 

99.8 

99.8 

99.8 

99.8 

wy.o 

99.8 

7 

99.8 

99.8 

99.8 

99.8 

99.8 

99.8 

99.8 

99.8 

998 

99.8 

8 

09.8 

99.8 

99.7 

99.7 

99.7 

997 

99.7 

99.7 

99.7 

99.7 

9 

09.7 

99.7 

99.7 

99.7 

99.7 

99.7 

99.6 

09.0 

09.6 

996 

10 

99.0 

99.0 

99.6 

99.6 

99.6 

99.0 

99.6 

99.6 

99.6 

99.6 

11 

99.5 

99.6 

99.5 

99.5 

99.5 

09.5 

99.6 

99.5 

99.5 

99.5 

12 

90.4 

99.4 

99.4 

99.4 

99.4 

99.4 

99.4 

99.4 

99.4 

99.4 

13 

99.4 

99.4 

99.3 

99.3 

99.3 

993 

99.8 

99.3 

99.8 

99«o 

14 

99.2 

99.2 

99.2 

99.2 

99.2 

99.2 

99.2 

99.2 

99.2 

902 
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TABLE  I.— Continued. 


%v 

.0 

.1 

.9 

.3 

.4 

.3 

.• 

.7 

•8 

.» 

o 
16 

99.1 

99.1 

99.1 

99.1 

99.1 

99.1 

99.1 

99.1 

99.0 

99.0 

16 

99.0 

99.0 

99.0 

99.0 

99.0 

99.0 

99.0 

990 

98.9 

VO.9 

17 

98.9 

98.9 

98.9 

98.9 

98.8 

98.8 

Uo.o 

98.8 

98.8 

98.8 

18 

98.8 

98.8 

98.7 

98.7 

98.7 

98.7 

98.7 

98.7 

98.7 

98.6 

19 

98.6 

98.6 

96.6 

98.6 

98.6 

08.6 

98.5 

98.5 

98.5 

985 

20 

98.6 

98.6 

98.4 

98.4 

98.4 

98.4 

98.4 

98.4 

98.4 

98.8 

21 

98.3 

98.3 

98.8 

98.3 

98.3 

96.2 

98.2 

98.2 

98.2 

98.2 

22 

98.2 

98.1 

98.1 

98.1 

98.1 

98.1 

98.1 

98.0 

98.0 

980 

23 

98.0 

98.0 

98.0 

97.9 

97.9 

97.9 

97.9 

97  9 

97.8 

97.8 

24 

97.8 

97.8 

97.8 

97.8 

97.7 

97.7 

97.7 

97.7 

97.7 

97.6 

25 

97.6 

97.6 

97.6 

97.6 

97.6 

97.6 

97.6 

97.5 

97.6 

97.6 

26 

97.4 

97.4 

97.4 

97.4 

97.4 

97.3 

97.3 

97.3 

97.8 

97.3 

27 

97.2 

97.2 

97.2 

972 

97.2 

97.1 

97.1 

97.1 

97.1 

97.0 

28 

97.0 

97.0 

97.0 

97.0 

96.9 

96.9 

96.9 

96.9 

96.9 

968 

29 

96.8 

96.8 

96.8 

96.7 

96.7 

96.7 

96.7 

96.7 

96.6 

96.6 

30 

96.6 

96.6 

96.5 

966 

96.5 

96.6 

96.6 

96.4 

96.4 

96.4 

31 

96.4 

96.3 

96.8 

96.8 

96.3 

96.2 

96.2 

9C.2 

96.2 

96.2 

32 

96.1 

96.1 

96.1 

96.1 

96.0 

96.0 

96.0 

96.0 

95.9 

96.9 

33 

95.9 

95.9 

95.8 

95.8 

95.8 

95.8 

95.7 

96.7 

96.7 

96.7 

84 

95.6 

956 

95.6 

96.6 

95.5 

96.5 

95.5 

95.4 

96.4 

95.4 

86 

95.4 

95.3 

95.3 

95.3 

95.8 

962 

95.2 

96.2 

95.2 

96.1 

86 

95.1 

95.1 

05.1 

96.0 

96.0 

96.0 

94.9 

94.9 

949 

94.9 

37 

94.8 

94.8 

94.8 

94.8 

94.7 

94.7 

94.7 

94.6 

94.6 

94.6 

38 

94.6 

94.5 

94.6 

94.5 

94.4 

94.4 

94.4 

94.4 

94.8 

94.3 

39 

94.3 

94.2 

94.2 

94.2 

94.2 

94.1 

94.1 

94.1 

94.0 

94.0 

40 

94.0 

98.9 

93.9 

98.9 

98.8 

93.8 

93.8 

98.8 

93.7 

93.7 

41 

93.7 

93.6 

93.6 

03.6 

93.6 

93.5 

93.5 

98.4 

98.4 

98.4 

42 

93.4 

98.3 

93.3 

98.3 

93.2 

93.2 

93.2 

93.1 

93.1 

93.1 

43 

93.0 

98.0 

93.0 

92.9 

92.9 

92.9 

92.8 

928 

92.8 

92.8 

44 

92.7 

92.7 

92.7 

92.6 

92.6 

926 

92.5 

92.6 

92.5 

92.4 

46 

92.4 

92.4 

92.3 

92.3 

92.8 

92.2 

92.2 

92.2 

92.1 

92.1 

46 

92.0 

92.0 

92.0 

91.9 

91.9 

91.9 

91.8 

91.8 

91.8 

91.7 

47 

91.7 

91.7 

91.6 

91.6 

91.6 

91.5 

91.6 

91.6 

91.4 

91.4 

48 

91.4 

91.8 

91.3 

91.2 

91.2 

91.2 

91.1 

91.1 

91.1 

91.0 

49 

91.0 

91.0 

90.9 

909 

90.8 

90.8 

90.8 

90.7 

90.7 

90.7 

60 

90.6 

90.6 

90.6 

90.6 

90.6 

90.4 

90.4 

90.4 

90.3 

90.3 

51 

90.3 

90.2 

90.2 

00.1 

90.1 

90.1 

90.0 

90.0 

90.0 

80.9 

62 

89.9 

89.8 

89.8 

89.8 

89.7 

89.7 

89.6 

89  6 

89.6 

89.5 

63 

89.6 

89.4 

89.4 

89.4 

69.3 

89.8 

89.3 

89.2 

89.2 

89.1 

64 

89.1 

89.1 

89.0 

89.0 

88.9 

88.9 

88.9 

88.8 

88.8 

88.7 

55 

88.7 

88.7 

88.6 

88.6 

88.6 

88.5 

88.5 

88.4 

88.4 

88.8 

66 

88.8 

88.2 

88.2 

88.2 

88.1 

88.1 

88.0 

88.0 

88.0 

87.9 

67 

87.9 

87.8 

87.8 

87.8 

87.7 

87.7 

87.6 

87.6 

87.6 

87.6 

68 

87.6 

87.4 

87.4 

87.8 

87.8 

87.2 

87.2 

87.2 

87.1 

87.1 

59 

87.0 

87.0 

87.0 

86.9 

86.9 

86.8 

86.8 

86.7 

86.7 

86.6 

60 

86.6 

86.6 

86.5 

86.5 

86.4 

86.4 

86.8 

86.3 

862 

86.2 

61 

86.2 

86.1 

86.1 

86.0 

86.0 

86.9 

85.9 

85.9 

85.8 

86.8 

62 

85.7 

86.7 

86.6 

85.6 

86.6 

86.6 

86.4 

85.4 

85.4 

86.3 

68 

85.8 

85.2 

85.2 

85.1 

85.1 

86.0 

860 

84.9 

84.9 

84.8 

64 

84.8 

84.8 

84.7 

84.7 

84.6 

84.6 

84.6 

84.5 

84.4 

84.4 

65 

84.3 

84.3 

84.2 

84.2 

84.2 

84.1 

841 

84.0 

84.0 

83.9 

66 

839 

83.8 

88.8 

88.7 

88.7 

83.6 

83.6 

88.6 

83.6 

83.4 

67 

88.4 

88.8 

83.3 

83.2 

88.2 

83.1 

83.1 

88.0 

83.0 

83.0 

68 

82.9 

82.9 

82.8 

82.8 

82.7 

82.7 

82  6 

82.6 

82  5 

82.5 

69 

82.4 

82.4 

82.8 

82.3 

82.2 

82.2 

82.1 

82.1 

82.0 

82.0 
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TABLE  L—  Continued. 


2v 

.0 

.1 

.9 

.3 

.4 

.5 

.6 

.7 

.s 

.. 

o 
70 

81.9 

81.9 

81.8 

81.8 

81.7 

81.7 

81.6 

816 

81.5 

81.5 

71 

81.4 

81.4 

81.3 

81.3 

81.2 

81/2 

81.1 

81.1 

81.0 

81.0 

72 

80.!) 

80.9 

80.8 

80.7 

80.7 

80.6 

80.6 

80.5 

80.5 

80.4 

73 

80.4 

80.3 

80.8 

80.2 

80.2 

80.1 

80.1 

80.0 

80.0 

79.9 

74 

70  9 

79.8 

79.8 

70.7 

79.0 

79.0 

79.5 

70  5 

79.4 

79.4 

75 

79.3 

79.3 

79.2 

79.2 

79.1 

79.1 

79.0 

79.0 

78.0 

78.9 

70 

78.8 

78.7 

78.7 

78.6 

78.6 

78.5 

78.6 

78.4 

78.4 

78.8 

77 

78.3 

78.2 

78.2 

78.1 

78.0 

78.0 

77.9 

77.9 

77.8 

77.8 

78 

77.7 

77.7 

77.6 

77.6 

77.5 

77.4 

77.4 

77.3 

77.3 

77.2 

79 

77.2 

77.1 

77.0 

77.0 

76  9 

76.9 

76.8 

76.8 

70.7 

76.7 

80 

76.0 

70.5 

76.5 

76.4 

76.4 

76.3 

76.3 

76.2 

76.2 

76.1 

81 

76.0 

76.0 

75.9 

75.9 

75.8 

75.8 

76.7 

756 

75.6 

75.5 

82 

75.5 

75.4 

75.4 

75.3 

75.2 

75.2 

76.1 

75.1 

76.0 

75.0 

83 

74.9 

74.8 

74  8 

74.7 

74.7 

74.0 

74.6 

74.6 

74.4 

74.4 

84 

74.3 

74.3 

74.2 

74.1 

74.1 

74.0 

74.0 

78.9 

73.8 

73.8 

85 

73.7 

73.7 

73.6 

73.6 

73.5 

73.4 

73.4 

783 

73.2 

73.2 

86 

73.1 

73.1 

73.0 

73.0 

72  9 

72.8 

72.8 

72  7 

72.7 

72.6 

87 

72.5 

72.5 

72.4 

724 

72.3 

72.2 

72.2 

72.1 

721 

72.0 

88 

71.9 

71.9 

718 

71.8 

717 

71.6 

71.6 

71.6 

71.4 

71.4 

89 

71.3 

713 

71.2 

71.1 

71.1 

71.0 

71.0 

709 

70.8 

70.8 

90 

70.7 

70.6 

70.6 

70.5 

70  5 

70.4 

70.3 

70.3 

70.2 

70.2 

91 

70.1 

70.0 

70.0 

69.9 

6X$ 

69.8 

69.7 

69.7 

69.6 

69.5 

92 

69.5 

69  4 

69.3 

69.3 

69.2 

69.1 

69.1 

69.0 

60.0 

68.9 

93 

03.8 

68.8 

08.7 

68.6 

mo 

68.5 

68.4 

68.4 

68.3 

683 

94 

03.2 

68.1 

63.1 

68.0 

67.9 

67.9 

67.8 

67.8 

67.7 

67.6 

95 

67.6 

67.5 

67.4 

67.4 

67.3 

67.2 

67.2 

67.1 

67.0 

67.0 

9ft 

669 

60.8 

66.8 

66.7 

66.6 

66.6 

66.5 

66.5 

66.4 

66.3 

97 

66.3 

66.2 

66.1 

66.1 

66.0 

65  9 

65.9 

65.8 

65.7 

65  7 

98 

65.6 

65.5 

65.5 

65.4 

65.3 

65.3 

65.2 

651 

651 

65.0 

99 

64.9 

649 

61.8 

64.7 

64.7 

64.6 

64.6 

64.6 

644 

64.3 

100 

64.3 

61.2 

64.1 

64  1 

64  0 

63.9 

63.9 

63.8 

63.7 

63.7 

101 

63.0 

63.5 

63.5 

63  4 

63.3 

63.3 

63.2 

681 

63.1 

63.0 

102 

62.9 

62.9 

62.8 

62.7 

62.7 

62.6 

62.5 

62.5 

62.4 

62.3 

103 

62.2 

62.2 

62.1 

620 

62  0 

61.9 

61.8 

61.8 

61.7 

61.6 

104 

61.6 

01.5 

01.4 

61.4 

61.3 

61.2 

61.2 

61.1 

61.0 

60.9 

105 

60.9 

60.8 

60.7 

607 

60.6 

60.5 

60.5 

60.4 

60.3 

60.2 

100 

60.2 

60.1 

60.0 

60.0 

69.9 

69.8 

69.8 

59.7 

59.6 

69.6 

107 

59.5 

59. 1 

59.3 

593 

69.2 

69.1 

69.1 

69.0 

68.9 

68.8 

103 

588 

53.7 

68.6 

68.6 

68.6 

58.4 

68.4 

68.3 

68.2 

68.1 

109 

68.1 

68.0 

57.9 

67.9 

67.8 

67.7 

67.7 

67.6 

67.5 

67.4 

110 

67.4 

57.3 

672 

67.1 

67.1 

57.0 

56.9 

66.9 

66.8 

66.7 

HI 

66.0 

56.6 

56.5 

56.4 

56.4 

56.3 

66.2 

66.1 

66.1 

66.0 

112 

65.9 

558 

55.8 

65.7 

55.6 

65.6 

65.5 

66.4 

66.8 

55.8 

113 

65.2 

65.1 

550 

650 

64.9 

54.8 

64.8 

64.7 

64.6 

54.6 

114 

64.5 

51.4 

54.3 

54.2 

61.2 

64.1 

64.0 

64.0 

68.9 

53.8 

115 

63.7 

63.7 

63.6 

53.6 

53.4 

63.4 

68.3 

68.2 

682 

63.1 

116 

63.0 

52.9 

62.8 

62.8 

62.7 

526 

52.6 

62.6 

52.4 

62.3 

117 

62.2 

62.2 

62.1 

62.0 

62.0 

61.9 

61.8 

61.7 

51.6 

61.6 

118 

51.5 

51.4 

61.4 

51.3 

61.2 

61.1 

61.0 

51.0 

60.9 

60.8 

119 

60.8 

607 

60.6 

60.5 

60.4 

50.4 

60.8 

60.2 

602 

60.1 

120 

60.0 

49.9 

49.8 

49.8 

49.7 

49.6 

49.6 

40.5 

49.4 

40.8 

121 

49  2 

49.2 

49.1 

49.0 

48.9 

48.9 

48.8 

48.7 

48.6 

48.6 

122 

48.5 

48.4 

48.8 

48.2 

48.2 

48.1 

48.0 

47.9 

47.9 

47.8 

123 

47.7 

47.6 

47.6 

47.6 

47.4 

478 

47.2 

47.2 

47.1 

47.0 

124 

470 

46.9 

46.8 

46.7 

46.6 

466 

46.5 

46.4 

46.8 

4612 
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TABLE  I.— Continued. 


2r 

.0 

.1 

.9 

.3 

.4 

.5 

.6 

.7 

.8 

.» 

126 

46.2 

46.1 

46.0 

45.9 

45.9 

45.8 

46.7 

46.6 

45.6 

46.5 

126 

46.4 

45.3 

46.2 

45.2 

45.1 

46.0 

44.9 

44.9 

44.8 

44.7 

127 

44.6 

44.5 

44.5 

44.4 

44.3 

44.2 

442 

44.1 

440 

43.9 

128 

43.8 

43.8 

43.7 

43.6 

48.5 

43.4 

43.4 

43.3 

43.2 

43.1 

129 

43.0 

43.0 

42.9 

42.8 

42.7 

42.7 

42.6 

42.5 

42.4 

423 

130 

42.3 

42.2 

42.1 

42.0 

41.9 

419 

41.8 

41.7 

41.6 

41.6 

131 

41.6 

41.4 

41.8 

41.2 

41.2 

41.1 

41.0 

40.9 

40.8 

40.8 

132 

40.7 

40.6 

40.5 

40.4 

40.4 

40.3 

40.2 

40.1 

40.0 

40.0 

133 

89.9 

39.8 

89.7 

39.6 

39.6 

39.6 

39.4 

39.3 

89.2 

39.2 

134 

89.1 

39.0 

38.9 

88.8 

38.8 

88.7 

88.6 

88.5 

38.4 

88.4 

136 

38.3 

88.2 

88.1 

38.0 

37.9 

37.9 

37.8 

37.7 

87.6 

37.6 

136 

37.6 

37.4 

37.3 

37.2 

37.1 

87.1 

37.0 

36.9 

86.8 

86.7 

137 

36.6 

36.6 

36.5 

36.4 

86.3 

36.2 

30.2 

36.1 

36.0 

35.9 

138 

86.8 

36.8 

35.7 

36.6 

36.5 

36.4 

36.3 

85.8 

85.2 

85.1 

139 

86.0 

34.9 

34.9 

34.8 

34.7 

846 

34.5 

34.4 

34.4 

84.3 

140 

34.2 

34.1 

84.0 

34.0 

339 

33.8 

837 

38  6 

&3.6 

88.6 

141 

83.4 

83.3 

33.2 

83.1 

33.0 

33.0 

32.9 

82.8 

82.7 

32.6 

142 

82.6 

32.5 

32.4 

32.3 

32.2 

32.1 

82.1 

32.0 

31.9 

81.8 

143 

81.7 

31.6 

81.6 

31.5 

31.4 

31.3 

31.2 

81.1 

81.1 

31.0 

144 

30.9 

30.8 

80.7 

80.7 

30.6 

30.4 

304 

30.8 

30.2 

30.2 

146 

30.1 

80.0 

29.9 

29.8 

29.7 

29.6 

29.6 

29  6 

*i94 

29.8 

146 

29.2 

29.2 

29.1 

29.0 

289 

28.8 

28.7 

28.6 

28.6 

28.6 

147 

28.4 

28.8 

28.2 

28.1 

28.1 

28.0 

27.9 

27.8 

27.7 

27.6 

148 

27.6 

27.6 

27.4 

27.8 

27.2 

27.1 

27.1 

27.0 

26.9 

26.8 

149 

26.7 

26.6 

26.6 

26.5 

264 

26.8 

26.2 

26.1 

26.0 

26.0 

160 

26.9 

25.8 

267 

26.6 

25.5 

25.4 

26.4 

25.3 

25.2 

26.1 

161 

25.0 

25.0 

24.9 

24.8 

24.7 

24.6 

24.6 

24.4 

24.8 

24.2 

162 

24.2 

24.1 

24.0 

28.9 

23.8 

23.8 

28.7 

23.6 

23.5 

28.4 

163 

23.3 

28.8 

23.2 

23.1 

230 

22.9 

22.8 

22.7 

22.7 

22.6 

164 

22.5 

22.4 

22.3 

22.3 

22.2 

221 

22.0 

21.9 

21.8 

21.7 

166 

21.6 

21.6 

21.6 

21.4 

21.3 

21.2 

21.1 

21.0 

21.0 

20.9 

166 

20.8 

20.7 

20.6 

20.5 

20.4 

20.4 

203 

20.2 

20.1 

20.0 

167 

19.9 

19.9 

19.8 

19.7 

19.6 

19.6 

19.4 

19  8 

19.2 

19.2 

168 

19.1 

19.0 

18.9 

18.8 

18.7 

18.7 

18.6 

18.5 

18.4 

18.3 

169 

18.2 

18.1 

18.0 

18.0 

17.9 

17.8 

17.7 

17.6 

17.6 

17.4 

160 

17.4 

17.3 

17.2 

17.1 

17.0 

16.9 

16.8 

16.8 

16.7 

16.6 

161 

16.6 

16.4 

16.3 

16.2 

16.2 

16.1 

16.0 

15.9 

15.8 

16.7 

162 

15.6 

156 

15.6 

15.4 

15.3 

16.2 

15.1 

15.0 

15.0 

14.9 

163 

14.8 

14.7 

14.6 

14.5 

14.4 

14.3 

14.3 

14.2 

14.1 

14.0 

164 

13.9 

18.8 

13.7 

13.7 

13.6 

ia6 

13.4 

133 

13.2 

13.1 

166 

181 

130 

12.9 

12.8 

12.7 

12.6 

12.5 

12.4 

12.4 

12.3 

166 

122 

12.1 

12.0 

11.9 

11.8 

11.8 

11.7 

11.6 

11.5 

11.4 

167 

11.3 

11.2 

11.2 

11.1 

11.0 

10.9 

10.8 

10.7 

10.6 

10.6 

168 

10.4 

10.4 

10.3 

10.2 

10.  i 

10.0 

9.9 

9.8 

9.8 

9.7 

169 

9.6 

9.5 

9.4 

9.3 

9.2 

9.1 

9.1 

9.0 

8.9 

8.8 

170 

8.7 

8.6 

8.6 

8.5 

8.4 

8.3 

8.2 

8.1 

80 

7.9 

171 

7.8 

7.8 

7.7 

7.6 

7.6 

7.4 

7.3 

7.2 

7.1 

7.1 

172 

7.0 

6.9 

68 

6.7 

6.6 

6.5 

6.6 

6.4 

6.3 

6.2 

173 

6.1 

6.0 

5.9 

58 

5.8 

5.7 

5.6 

6.6 

6.4 

6.3 

174 

6.2 

6.1 

5.1 

6.0 

4.9 

4.8 

4.7 

4.6 

4.6 

4.6 

176 

4.4 

4.3 

4.2 

4.1 

4.0 

3.9 

3.8 

8.8 

3.7 

8.6 

176 

8.5 

3.4 

3.3 

3.2 

3.1 

3.1 

8.0 

2.9 

2.8 

2.7 

177 

2.6 

2.5 

2.4 

2.4 

2.3 

2.2 

2.1 

2.0 

1.9 

1.8 

178 

1.7 

1.7 

1.0 

1.6 

1.4 

1.3 

1.2 

1.1 

1.0 

1.0 

179 

0.9 

0.8 

0.7 

0.6 

0.6 

0.4 

0.4 

0.3 

0.2 

0.1 

800 
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TABLE  II.—  Observations. 


Table 

|    Table 

No. 

Date. 

G.  M.  T. 

Diet 

of  Quan- 
tities. 

No. 

Data. 

O.M.T. 

Die*. 

i  of  Quan- 
tities. 

1884. 

h.  m. 

o 

1885. 

h   m. 

o 

1 

Aug.      1 

11  58 

90 

21.7 

46 

July    16 

13  68 

90 

1©\3 

2 

a 

59 

90 

24.2 

46 

fi 

14    3 

90 

12.6 

3 

u 

12    2 

90 

25.1 

47 

tt 

6 

90 

9.1 

4 

*t 

4 

90 

30.7 

48 

July   21 

16  13 

90 

89.2 

5 

u 

9 

90 

30.0 

49 

*t 

16 

90 

36.5 

6 

tt 

16 

90 

43.6 

60 

fi 

18 

90 

89.8 

7 

u 

17 

90 

44.4 

51 

July    27 

16    6 

90 

60.2 

8 

if 

20 

90 

44.6 

62 

fi 

18 

90 

49.2 

9 

u 

25 

90 

45.9 

63 

t< 

23 

90 

49.4 

10 

tt 

29 

90 

40.4 

54 

July   28 

15  40 

90 

61.4 

11 

a 

34 

90 

482 

56 

if 

41 

90 

48.9 

12 

Aug.     2 

940 

90 

456 

66 

<f 

43 

90 

49.9 

13 

<« 

42 

90 

45.3 

57 

ti 

65 

16 

21.1 

14 

n 

44 

75 

36.6 

68 

if 

68 

80 

6.8 

15 

a 

47 

60 

87.4 

69 

«f 

10    1 

46 

101 

16 

u 

50 

45 

9.6 

60 

if 

4 

60 

22.6 

17 

tt 

52 

30 

6.4 

61 

fi 

9 

76 

42.1 

18 

u 

54 

15 

0.4 

62 

«f 

11 

90 

60.1 

19 

tt 

66 

60 

15.1 

63 

fi 

14 

106 

40.6 

20 

u 

10    1 

00 

29.6 

64 

it 

17 

120 

216 

21 

n 

8 

90 

29.2 

65 

if 

84 

106 

38.8 

22 

Sept.  13 

10  48 

90 

38.6 

66 

fi 

40 

90 

60.1 

23 

u 

49 

90 

34.0 

67 

fi 

42 

76 

43.0 

24 

u 

61 

90 

85.3 

68 

if 

46 

60 

27.1 

26 

n 

52 

90 

88.3 

69 

tt 

48 

46 

16.6 

28 

a 

54 

90 

89.1 

70 

u 

60 

80 

10.4 

27 

u 

11    0 

90 

47.9 

71 

ti 

63 

15 

182 

28 

tt 

1 

90 

48.8 

72 

Sept.  21 

16    6 

90 

68.8 

29 

u 

8 

90 

49.6 

73 

ff 

7 

90 

60.7 

80 

tt 

10 

90 

68.2 

74 

if 

9 

90 

59.1 

31 

tt 

12 

90 

69.3 

75 

tt 

14 

15 

16.6 

82 

u 

14 

90 

58.8 

76 

a 

17 

80 

2.3 

33 

tt 

10 

90 

68.3 

77 

a 

20 

46 

12.6 

84 

Nov.   18 

17  40 

90 

40.5 

78 

tt 

28 

60 

81.6 

79 

tt 

27 

76 

60.8 

1886. 

80 

u 

80 

90 

67.0 

36 

June     6 

14  22 

00 

87.9 

81 

tt 

82 

106 

64.8 

36 

ic 

24 

90 

41.4 

82 

u 

35 

120 

38.8 

37 

a 

26 

90 

36.5 

88 

u 

42 

106 

63.2 

88 

June  14 

10  24 

90 

44.2 

84 

a 

44 

90 

60.6 

39 

•I 

56 

90 

50.7 

86 

tt 

46 

76 

49.0 

40 

tt 

68 

00 

52.6 

86 

u 

48 

60 

29.8 

41 

tt 

11    0 

90 

62.2 

87 

n 

61 

45 

11.8 

42 

July     1 

4  82 

90 

45.8 

88 

tt 

63 

80 

16 

48 

•f 

86 

90 

45.3 

89 

tt 

66 

16 

16.1 

44 

u 

86 

90 

46.8 

The  use  of  this  polarimeter  is  shown  in  Table  II.,  which  gives 
illustrations  of  its  application  to  the  study  of  atmospheric  polarization. 
All  these  observations  are  made  in  the  vertical  plane  passing  through 
the  sun.    The  successive  columns  give  a  number  for  reference,  the 
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date,  the  Greenwich  mean  time,  the  angular  distance  of  the  point  ob- 
served from  the  sun,  and  the  resulting  polarization.  The  first  44  sets 
were  made  by  myself,  the  others  by  Miss  N.  A.  Farrar. 

Nos.  1  to  1 1  were  made  on  the  zenith  after  sunset.  The  later  ob- 
servations were  difficult  on  account  of  the  increasing  darkness.  On 
reducing  the  observations,  an  unexpected  result  was  attained.  The 
last  column  shows  that  the  polarization  increases  regularly,  becoming 
twice  as  great  at  the  end  as  at  the  beginning  of  the  series.  The 
probable  explanation  of  this  phenomenon  is,  that  after  the  sun  has  set 
the  light  reaching  us  from  the  zenith  comes  from  the  upper  portions 
of  the  atmosphere.  As  this  is  presumably  clearer,  and  more  free  from 
dust  and  haze,  we  should  anticipate  a  more  complete  polarization.  It 
affords  a  simple  means  of  determining  the  effect  of  ascending  to  vari- 
ous heights  above  the  surface  of  the  earth.  From  the  distance  of  the 
sun  below  the  horizon  these  heights  are  readily  calculated.  Nos.  22 
to  33  were  made  in  the  same  way,  and  afford  a  confirmation  of  these 
results.  The  measures  on  August  1  are  probably  somewhat  too  small, 
owing  to  an  inclination  of  the  bars  to  the  plane  of  polarization.  On 
August  2,  the  sky  was  clear,  but  hazy  around  the  sun.  The  observa- 
tions were  abandoned  owing  to  the  approach  of  cirrus  clouds,  which 
probably  caused  the  diminution  in  the  amount  of  the  polarization. 
On  September  13,  the  air  was  very  clear.  No  satisfactory  explanation 
appears  for  the  small  amount  of  polarization  on  July  15.  The  record 
states  that  clouds  interfered  with  set  45,  but  that  it  was  clear  when 
sets  46  and  47  were  taken.  The  bars  may  not  have  been  set  parallel 
to  the  plane  of  polarization,  as  it  was  the  first  time  the  observer  had 
used  the  instrument. 

The  law  determining  the  amount  of  polarization  at  different  dis- 
tances from  the  sun  is  indicated  by  the  observations  made  on  July  28 
and  on  September  21.  On  the  first  date,  the  remark  occurs,  "Sky 
hazy,"  and  on  the  second,  "  Sky  entirely  clear."  The  greater  polari- 
zation on  the  latter  date  is  doubtless  due  to  this  cause.  Both  sets 
show  the  maximum  polarization  at  90°.  They  also  indicate  a  greater 
polarization  at  15°  than  at  30°.  This  may  be  due  to  Babinet's  neu- 
tral point;  but  in  that  case  we  should  anticipate  a  negative  polari- 
zation at  15°.  Probably  these  sets  are  uncertain,  on  account  of  the 
proximity  of  the  sun. 

One  of  the  most  important  applications  of  this  polarimeter  will  be 
as  a  measure  of  the  haziness  of  the  air.  As  the  polarization  becomes 
insensible  when  the  sky  is  entirely  overcast,  we  apparently  have  a  very 
delicate  test  for  the  amount  of  haze.     Simultaneous  observations  of  a 
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distant  mountain  would  be  particularly  valuable  in  this  connection,  as  a 
means  of  comparing  the  polarization  of  the  sky  with  that  of  the  light 
received  from  the  mountain.  The  relative  intensity  of  the  light  from 
the  mountain  and  the  adjacent  sky  should  also  be  compared,  since  this 
quantity  would  also  vary  with  the  clearness  of  the  air.  All  of  these 
quantities  are  readily  measured  with  this  instrument  To  compare  the 
light  of  the  sky  with  that  received  from  the  mountain,  it  is  only  neces- 
sary to  conceal  the  sky  line  behind  one  of  the  bars,  and  thus  compare 
the  relative  intensities  of  the  two  rays.  As  the  vertical  component  of 
one  ray  will  be  compared  with  the  horizontal  component  of  the  other 
ray,  the  relative  intensities  will  be  modified  by  the  amount  of  the  polar- 
ization. The  observation  should  therefore  be  repeated,  placing  the  sky 
line  of  the  mountain  behind  one  of  the  adjacent  bars.  The  polariza- 
tion of  the  light  received  from  the  sky  and  the  mountain  should  also  be 
determined,  and  we  can  then  determine  the  relative  intensities  of  the 
four  components.  These  measurements  will  be  made  more  readily 
if  the  polarimeter  is  inserted  in  the  eyepiece  of  a  telescope  of  low 
power,  placing  the  bars  in  the  focus  and  the  double-image  prism  be- 
tween them  and  the  field  lens.  The  Nicol  may  be  placed  between  the 
field  and  eye  lenses,  or  between  the  eye  lens  and  the  eye. 
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XIX. 

OBSERVATIONS  OF  VARIABLE  STARS  IN  1885. 

By  Edward  C.   Pickering. 

Communicated  February  10,  1886. 

The  present  publication  is  the  third  in  a  series  of  annual  statements 
relating  to  variable  stars,  which  was  begun  in  1884.  The  value  of  these 
statements  mainly  depends  upon  their  completeness,  and  it  is  therefore 
to  be  hoped  that  all  observers  of  variable  stars  will  send  accounts  of 
their  work  to  the  Observatory  of  Harvard  College  as  soon  as  possible 
after  the  close  of  each  year.  The  principal  facts  desired  are  the  desig- 
nations of  the  stars  observed,  and  the  number  of  nights  on  which  each  of 
them  was  examined.  But  brief  statements  of  the  results  obtained,  such 
as  the  times  of  maxima  and  minima,  are  also  desirable,  when  they  can 
be  readily  furnished.  Information  with  regard  to  the  instruments  em- 
ployed and  the  method  of  observation  will  likewise  be  very  serviceable. 
The  evident  need  of  a  new  catalogue  of  variable  stars  has  occasioned 
some  preparations  for  such  a  list  to  be  made,  and  the  question  of  pub- 
lishing it  in  the  Astranomische  Nackrichten  has  been  discussed  by 
correspondence  with  Dr.  Krtiger,  the  editor  of  that  periodical.  It  is, 
however,  desirable  that  the  catalogue,  when  published,  should  have  a 
definite  and  authoritative  character,  so  that  it  appears  best  to  avoid 
premature  action  with  regard  to  it.  Meanwhile,  it  has  been  decided  to 
make  no  addition  to  the  list  of  known  variables  published  in  the  article 
entitled  "  Recent  Observations  of  Variable  Stars,"  although  some  stars 
not  belonging  to  that  list  are  now  certainly  known  to  be  variable.  In 
the  present  publication  such  stars  are  therefore  still  mentioned  in  con- 
nection with  suspected  variables.  Several  stars  included  in  the  origi- 
nal list  are  not  there  designated  by  the  letters  which  have  at  times 
been  applied  to  them,  and  it  has  been  decided  not  to  make  any  change 
in  this  respect  for  the  present,  in  order  to  avoid  the  possibility  of  con- 
fusion. Observers  are  therefore  requested  to  give  the  right  ascensions 
and  declinations  of  all  stars  mentioned  in  their  statements,  unless  they 
can  be  designated  by  the  numbers  given  in  the  first  columns  of  Tables 
I.  and  II.  in  "  Recent  Observations  of  Variable  Stars." 
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Photometric  observations  of  all  the  stars  with  which  variables  are 
known  to  have  been  compared  have  been  undertaken  at  the  Observa- 
tory of  Harvard  College,  to  which  all  observers  are  requested  to  send 
lists  of  the  comparison  stars  employed  by  them,  or  references  to  the 
published  places  of  such  stars.  The  lists  of  Argelander,  Schonfeld, 
and  Oudemans  form  the  foundation  of  the  work,  but  information  of 
many  comparison  stars  not  included  in  those  lists  has  been  received, 
and  these  stars  are  also  to  be  observed. 

It  is  hoped  that  it  will  ultimately  be  practicable  to  give  the  number 
of  observations  of  each  variable  star  which  have  been  made  each  year 
since  its  discovery.  Any  information  of  this  kind,  hitherto  unpub- 
lished, will  therefore  be  gratefully  received. 

It  is  much  to  be  desired  that  observers  stationed  in  the  southern 
hemisphere  should  pay  some  attention  to  the  variable  stars  which  their 
situation  gives  them  special  facilities  for  observing,  and  should  send 
some  notice  of  their  work  for  appearance  in  this  series  of  publications. 
It  will  be  seen  on  examination  that  no  variables  in  large  southern 
declinations  are  known  to  have  been  recently  observed. 

The  present  report  relates  principally  to  observations  made  during 
1885 ;  but  earlier  observations,  notice  of  which  has  been  received  since 
the  last  report  was  published,  are  also  mentioned  in  it.  The  observers 
whose  work  is  here  stated  are  named  below  in  alphabetical  order,  with 
the  abbreviations  employed  to  designate  them  in  the  subsequent  tabu- 
lar statements. 

B.  These  observations  were  made  by  Mr.  T.  W.  Backhouse,  of 
Sunderland,  England,  where  most  of  the  comparisons  were  made.  A 
refracting  telescope  by  Cooke,  aperture  4}  inches,  magnifying  powers 
38  and  75,  was  often  used ;  other  observations  were  made  with  the 
finder,  power  9,  and  the  rest  with  a  field-glass  and  similar  instruments 
of  low  power,  or  with  the  naked  eye.  The  methods  of  comparison 
were  chiefly  three:  that  of  Argelander,  that  in  which  the  relative 
brightness  of  the  star  observed  is  indicated  by  a  fraction  of  the  appar- 
ent difference  between  two  comparison  stars,  and  that  of  verbal  de- 
scription, in  which,  however,  the  words  employed  are  regarded  aa 
having  numerical  values.  A  copy  of  the  observations  has  been  sent 
to  the  Observatory  of  Harvard  College. 

D.  These  observations  were  made  by  Dr.  N.  C.  Duner,  at  the  Ob- 
servatory of  Lund,  Sweden,  according  to  the  method  of  Argelander. 

Ee.  These  observations  were  made  by  Mr.  John  H.  Eadie,  at 
Bayonne,  New  Jersey.  The  telescope  employed  was  made  by  John 
Byrne ;  its  aperture  is  8£  inches,  and  the  lowest  magnifying  power 
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about  50.  Argelander's  method  of  comparison  is  used.  A  copy  of  the 
observations  has  been  furnished  to  the  Harvard  College  Observatory. 
Mr.  Eadie  acts  in  co-operation  with  Mr.  Parkhurst  in  a  manner  which 
is  explained  in  the  remarks  upon  Mr.  Parkhurst's  observations.  This 
system  of  co-operation  appears-  to  be  highly  efficient  and  economical. 
It  deserves  extension  and  general  introduction  among  observers  not 
too  far  separated  for  ready  communication  with  each  other. 

En.  These  observations  were  made  by  the  Rev.  T.  E.  Espin,  of 
Walsingham,  Darlington,  England.  The  instruments  employed  were 
a  binocular  glass  and  reflecting  telescopes  of  9  and  17£  inches  in 
aperture,  the  last  by  Calver. 

6.  These  observations  were  made  by  Mr.  J.  E.  Gore,  of  Ballyso- 
dare,  Ireland,  by  Argelander's  method.  The  instrument  was  a  binocu- 
lar field-glass  having  object-glasses  of  2  inches  in  aperture,  and  a 
magnifying  power  of  about  six  diameters. 

Hg.     These  observations  were  made  at  Dorpat,  by  Dr.  E.  Hartwig. 

Hn.  These  observations  were  made  by  the  Rev.  J.  Hagen,  S.  J.,  at 
the  College  of  the  Sacred  Heart,  Prairie  du  Chien,  Wisconsin.  The 
instrument  is  a  telescope  by  Merz ;  its  aperture  is  3  inches.  The  ob- 
servations were  made  by  the  division  into  tenths  of  the  interval  be- 
tween two  comparison  stars.  A  copy  of  the  observations  has  been 
furnished  to  the  Harvard  College  Observatory,  Mr.  Zaiser  has  taken 
part  in  the  work  as  an  assistant. 

K.  These  observations  were  made  by  Mr.  George  Knott,  at 
Knowles  Lodge,  Cuck field,  Hayward's  Heath,  England.  The  tele- 
scope employed  was  made  by  Alvan  Clark  and  Sons ;  its  aperture  is 
7£  inches,  and  that  of  the  finder  2  inches.  The  variable  is  compared 
with  stars  differing  little  from  it  in  brightness ;  the  magnitudes  of  the 
comparison  stars,  and  sometimes  the  magnitude  of  the  variable,  are 
determined  by  the  method  of  limiting  apertures. 

M.  These  observations,  which  relate  exclusively  to  suspected  vari- 
ables, were  made  with  the  meridian  photometer  of  the  Harvard  Col- 
lege Observatory.  The  observers  using  this  instrument  are  E.  C. 
Pickering  and  O.  C.  Wendell.  The  magnitudes  of  the  stars  observed 
with  it  are  referred  to  a  series  of  one  hundred  circumpolar  stars,  the 
brightness  of  which  was  determined  by  observations  described  in  Vol- 
ume XIV.  of  the  Annals  of  the  Observatory. 

P.  These  observations  were  made  by  Mr.  H.  M.  Parkhurst,  at 
Brooklyn,  N.  Y.  The  instrument  is  a  telescope  made  by  Fitz ;  its 
aperture  is  9  inches,  and  the  magnifying  powers  employed  are  56  and 
150.     Many  of  the  observations  are  made  by  Argelander's  method, 
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and  others  by  photometric  apparatus  devised  by  Mr.  Parkhurst,  and 
partially  described  in  the  article  entitled   "  Recent  Observations  of 
Variable  Stars,"  which  was  mentioned  above.    A  copy  of  the  observa- 
tions has  been  furnished  to  the  Harvard  College  Observatory.    The 
co-operation  of  Mr.  Eadie  with  Mr.  Parkhurst  has  already  been  men- 
tioned.    The  former  observer  undertakes  the  observation  of  certain 
stars  while  they  are  sufficiently  bright  to  be  well  seen  in  his  telescope, 
and  when  they  become  too  faint  for  further  observations  he  notifies 
Mr.  Parkhurst  to  begin  observing  them.     When  they  are  again  suffi- 
ciently bright  to  be  observed  by  Mr.  Eadie,  he  is  informed  of  the  fact 
by  Mr.  Parkhurst    This  system  permits  each  observer  to  employ  his 
time  to  the  best  advantage.     It  is  hoped  that  some  astronomer  having 
a  large  telescope  at  command  will  undertake  observations  of  the  stars 
studied  by  Messrs.  Parkhurst  and  Eadie  at  times  when  they  are  too 
faint  to  be  followed  by  either  observer. 

Sk.  Professor  Safarik,  of  Prague,  Austria,  has  furnished  a  state- 
ment of  observations  made  by  him  in  1885,  and  also  of  those  made  in 
1883  and  1884,  which  were  incompletely  noticed  in  the  circular  pub- 
lished in  1885.  The  observations  were  made  by  Argelander's  method. 
The  instrument  used  previous  to  March,  1885,  was  a  Newtonian  re- 
flector 6£  inches  in  aperture,  with  a  mirror  of  silvered  glass.  The 
ordinary  magnifying  power  was  32.  The  finder  had  an  aperture  of  3 
inches,  and  a  magnifying  power  of  1 2.  Subsequent  observations  were 
made  with  a  refractor  by  Schroder,  with  an  aperture  of  4.5  inches,  a 
magnifying  power  of  23,  and  a  field  of  1°  30'.  Between  1880,  Jan- 
uary 1,  and  1884,  December  31,  Professor  Safarik  has  made  a  little 
more  than  5700  observations  of  about  100  stars.  During  the  year 
1885  he  made  1647  observations  of  89  stars.  On  all  suitable  occa- 
sions he  estimates  the  colors  of  the  stars  observed  upon  Schmidt's  scale. 
The  number  of  observations  made  in  the  separate  months  of  each  year 
are  given  in  the  statements  just  described. 

Sr.  These  observations  were  made,  according  to  Argelander's 
method,  by  Mr.  E.  F.  Sawyer,  at  Cambridgeport,  Massachusetts,  by 
means  of  an  opera-glass  for  the  brighter  stars,  and  of  a  field-glass  for 
the  others. 

Zr.  The  observations  of  Assistant  Zaiser  have  already  been  men- 
tioned under  the  heading  Hn. 

Table  I.  indicates  the  progress  of  observation  for  stars  included  in 
Table  I.  of  previous  reports.  Other  stars,  whether  known  or  suspected 
to  be  variable,  are  included  in  Table  II.  All  the  columns  of  Table  I. 
except  the  last  are  repeated  from  the  statement  of  the  previous 


OF  ARTS  AND  SCIENCES.  323 

The  first  column  of  the  left-hand  page  gives  a  provisional  number  for 
designating  the  star.  This  number  is  taken  from  Schonfeld's  Cata- 
logue when  the  star  occurs  there ;  in  other  cases,  a  letter  is  added  to 
the  number.  The  second  column  contains  numbers  from  the  Photo- 
metric Catalogue  called  Harvard  Photometry,  and  published  in  Vol- 
ume XIV.  of  the  Annals  of  the  Harvard  College  Observatory.  The 
following  columns  contain  the  usual  designation  of  the  star,  its  right 
ascension  and  declination  for  1875,  magnitude  at  maximum  and  mini- 
mum, and  period  in  days. 

The  first  column  of  the  right-hand  page  repeats  the  number  to  be 
used  for  the  provisional  designation  of  the  star.  The  second  gives  the 
class  to  which  the  star  belongs,  upon  the  system  of  classification  em- 
ployed in  the  Proceedings  of  the  American  Academy  of  Arts  and 
Sciences,  XVI.  257.  Upon  this  system,  Class  I.  includes  temporary 
stars ;  Class  II.,  stars  undergoing  large  variations  in  periods  of  several 
months ;  Class  III.,  irregularly  variable  stars,  undergoing  but  slight 
changes  in  brightness ;  Class  IV.,  variable  stars  of  short  period,  like 
P  Lyra  or  8  Cephei ;  Class  V.,  Algol  stars*,  or  those  which  at  regular 
intervals  undergo  sudden  diminutions  of  light,  lasting  for  a  few  hours 
only.  The  third  column  gives  the  name  of  the  discoverer,  and  the 
fourth  column  the  date. 

The  last  column  contains  the  number  of  nights  on  which  each  star 
was  observed  by  the  astronomer  whose  designation  is  attached  to  the 
number.  The  abbreviations  employed  have  been  explained  above. 
The  designation  Sk.  is  preceded  by  three  numbers,  which  relate  re- 
spectively to  observations  made  in  1883,  1884,  and  1885.  A  dash 
replaces  a  number  when  some  observations  are  known  to  have  been 
made,  but  their  number  has  not  been  ascertained. 

Table  I.  is  followed  by  a  series  of  remarks  containing  observed 
dates  of  maximum  and  minimum,  and  other  information  derived  from 
the  observers  with  regard  to  particular  stars. 

Table  II.  indicates  the  progress  of  observation  of  stars  suspected  or 
known  to  be  variable,  but  not  included  in  Table  I.  for  reasons  previ- 
ously explained.  The  stars  are  designated  in  the  first  column  by  Mr. 
Chandler's  provisional  numbers,  as  in  the  previous  statement  The 
number  is  replaced  by  a  dash  when  the  star  has  not  yet  been  entered 
in  Mr.  Chandler's  catalogue.  The  second  and  third  columns  give  the 
right  ascensions  and  declinations  of  the  stars  for  1875.  The  fourth 
column  gives  the  number  of  observations  made  by  each  observer,  as  iu 
the  last  column  of  Table  I.  The  abbreviations  are  likewise  the  same. 
The  letters  in  the  last  column  refer  to  the  remarks  on  page  334. 
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TABLE  I.— Variable  Stabs. 
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8 

11. 

Borelly 

1872 

3  Ee.  7  P.  9,0,0  8k. 

4 

I. 

Tjcho  Brahe 

1672 

— 

5 

II. 

Luther 

1866 

4  Ee.  1  P. 

6 

III. 

Birt 

1881 

2  B.  82  Sr. 

6a 

V. 

Ceraski 

1880 

21  Hn.  3  K. 

7 

II. 

Argelander 

1861 

8  P.  67,89,28  Sk. 

8 

II. 

Hind 

1861 

10  Ee.  4  P.  1,0,0  8k. 

8a 

•  ^"— 

Peters 

1880 

IIP. 

86 

— 

Gould 

1874? 

1  Hn.  11  Sr. 

8c 

II. 

Gould 

1872? 

— 

9 

II. 

Hind 

1850 

12  P.  11,2,0  Sk. 

10 

11. 

Peters 

1866 

10  P. 

11 

II. 

Argelander 

1867 

6  Hn.  10  P.  7,6,0  Sk. 

12 

II. 

Fabricius 

1696 

36  B.  87  G.  -  Hg.  15  K.  18,28,17  Sk. 

18 

II. 

Kriiger 

1878 

-Hg.  21  Hn.  43,89,68  Sk. 

14 

II. 

Argelander 

1866 

11  P.  9,6,8  Sk. 

16 

II. 

Auwers 

1870 

12  Hn.  37,30,16  Sk 

16 

II.? 

Schmidt 

1864 

36  Sr. 

17 

V. 

Montanari 

1669 

10  B.  3  Hg.  1  Sr. 
6  Ee.  12  11.  6  P.  8,14,9  Sk 

18 

II. 

Schonfeld 

1861 

19 

V. 

Baxendell 

1848 

9Zr. 

20 

— 

Hind 

1861 

3  K.  8  P.  5,6,8  Sk. 

21 

II. 

Hind 

1849 

6  Ee.  9  P.    19,9,6  Sk. 

22 

II. 

Oudemant 

1866 

6  Ee.  9  P.    19,9,6  Sk. 

22a 

— 

Gould 

1874? 

— 

28 

II. 

Auwera 

1871 

12  P.  16,8,7  Sk. 

24 

II. 

Hind 

1848 

2  Ee.  4,1,0  Sk. 

25 

III. 

Fritsch 

1821 

34  Sr. 

26 

II. 

Schmidt 

1866 

17,11,10  Sk.  21  Sr. 

27 

II. 

At  Bonn 

1862 

12  Hn.  3  P.  11,19,0  Sk. 

27a 

II. 

Dune'r 

1881 

21  D.  6  P. 

28 

II. 

Webb 

1870 

13  Ee.  1  K.  10  P.  26,19,2$  Sk. 

29 

III. 

J.  Herschel 

1884 

14  Sr. 

29a 

— 

Bond 

1863 

11  Ee.  10  P. 

30 

III. 

J.  Herschel 

1886 

9Zr. 

81 

II.? 

Schmidt 

1866 

2  B.  20  Sr. 

81a 

— 

Sclionfeld 

1883 

18  Sr. 

82 

IV. 

Gould 

1871 

71  Sr. 

83 

IL 

Schmidt 

1861 

— 

84 

IV. 

Winnecke 

1867 

29  Sr. 

86 

II. 

Kriiger 

1874 

11  P.  6,21,16  Sk. 

86 

IV. 

Schmidt 

1844 

22  Sr.  10  Zr. 

87 

II. 

Hind 

1848 

6  K.  11  P.  0,0,7  8k. 

88 

II. 

At  Bonn 

1864 

8  Hn.  0,14,23  Sk. 

88a 

II. 

Gould 

1872 

— 

886 

II. 

Baxendell 

1880 

1  Ee.  6  K. 

38c 

II.? 

Gould 

1873 

20  En.  64  Sr. 

89 

II. 

Hind 

1866 

2  Ee.  7  K.  0,14,26  Sk. 

40 

II. 

Schonfeld 

1865 

1  Ee. 

40a 

II. 

Baxendell 

1879 

2  Ee.  2  K. 
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TABLE  L  —  Cattuuud. 


Ha 

111' 

Nuns. 

R.  A.  1B7B. 

Pre.  1KB. 

M.t         J          Win. 

N, 

h     m      . 

a 

[              BI 

A 

11 

S  Ge  milium  in 

7  35  32 

+23    441 

8.2  —  8.7 

<13 

2H 12 

12 

41  48 

+24    a,1 

8.1  -8.7 

<13 

2."  1 

12 

S  I'uppis 

U  Geminorum 

43    e 

—47      8.S 

74 

a 

47  41 

+22    11).- 

8.0  —  0.7 

13.1 

Irr 

43a 

65     0 

—12  aa 

Bi 

<14 

3111 

■li 

It  Quicri 

8    9  40 

+  12      HI 

112  —  8.3 

<11.7 

:,1.4 

IS 

V  Cftticri 

14  36 

+  17    40.'. 

U.S  — 7.2 

<12 

272 

46 

UCancri 

28  37 

+iii   lo.r 

8.2—10. 

<13 

J05  7 

17 

S  Caiicri 

36  48 

+  lli    2!P.( 

8.2 

»8 

18 

S  Hydra 

47    3 

+  3    32.4 

7.5  —  8.5 

<1£2 

2.',' 11 

i:> 

T  Cancel 

43  3-2 

+  20    I '.t.T 

8.2  —  8.5 

B.3—  10  J 

481.3 

50 

T  Hydra 

49  36 

—  8    Hi'.S 

7.0  —  8.1 

<I2.5 

289.4 

;,n 

H  Carina) 

0  29    0 

—112    1-12 

4.4 

9.3 

313 

61 

R  Lewis  milt. 

38    4 

+■:■:>    ;,.- 

0.1  —  7.5 

<11.0 

3717 

m 

1752 

It  Lconis 

40  50 

+  12     0.6 

5.2  —  6.4 

9.4  -  10.0 

312.0 

B2a  — 

41  49 

-til    55.1 

a7 

5.2 

31,2 

.-._■■   - 

53    3 

+-'1    61.0 

3 

8.IK13 

280! 

62c  — 

10    4  22 

-37     7.1 

<8 

52d1  — 

Carina) 

5  23 

—ill)    5.1.2 

o* 

9 

62*1  — 

U  Leunia 

17  21 

+14  88.1 

9J 

In  v. 

:VJ/-]Sli. 

Hydra 

31  22 

—12    44.1 

4 

0 

53    ismi 

It  Urm.'  maj. 

85  47 

+i.K*    25.! 

0.0  —  8.1 

12 

SOM 

ei    — 

n   Argus 

40  13 

-59      1.0 

>1 

0.3 

Irf. 

64a   — 

T  Carina) 

60  18 

—71"'   51.2 

0.2 

6.9 

65 

It  Crateris 

61  26 

-17    30.2 

>8 

<9 

fid 

—     S  Leanis 

11    4  23 

+  0     8.5 

9.0  —  0,7 

<13 

1B7.8 

.".,■■ 

—  '  T  Uonia 

32    2 

+  4     3.0 

lOt 

<13 

ee 

X  Virginis 

55  27 

+  II   40. 1 

7.8! 

<10 

-7.1 

R  Cmffl 

57  51 

•  l-lll    -j.s.s 

7.4  —  8.0 

<13 

363 

<i'l 

T  Virginia 

12    B  12   —  6   20.4 

8.0  —  8.8 

<13 

387 

■,1 

It  Coi-vi 

13  10   —18  33.5 

as— 7.3 

<II.6 

818.8 

Gin 

-Virginia 

27  28 

-  3   43.8 

8 

14 

210± 

,i2 

T  Ursre  in*]. 

30  42 

+(iii  urn 

7.0—8.3 

12.2 

_■.-..-,  i , 

ii.; 

2147 

It  Virginia 

32  10 

+  7   40.6 

G.6  — 7.5 

10.0—10.0 

145.7 

..,.:., 

It  Muswb 

31  28 

—US    43.3 

0.(1 

7.3 

0.9 

04 

38  28 

+61    46.7 

7.7  —  8.2 

10.2—11.1 

234.8 

ii.", 

U  Virginia 

44  46 

+  0   14.0 

7.7  —  8.1 

12.2—12.8 

307.4 

,■..; 

W  Virginia 

13  1!)  35 

—  2   43.4 

8.7  —  0.2 

9.8  —  10.4 

17.8 

C7 

V  Virginia 

21  21 

—  2   81.4 

8.0  —  9.0 

<18 

251 

,-.s 

J-J7-" 

K  Hydra 

22  63 

—22   38.0 

4.0  —  6.6 

10! 

409.8 

iV.i 

K2Se 

S  Virgini. 

26  29 

—  6   33.0 

6.7  —  7.8 

12.6 

374.0 

(V.ti 

Virginis 

14    3  37 

—  12    42.7 

9 

14 

OH.'. 

R  Centauri 

7  35 

— rV-l    W.b 

0 

10 

?li 

T  Boolia 

8  14 

+  10    311.1 

9.7! 

<13 

71 

S  Boolii 

18  41 

+5)    22.7 

8.1  —  8.5 

iaa 

8714 

7- 

It  Camel  opardi 

27    8 

+1-1    2il.h 

7.9  —  B.0 

121 

.■mi- 

7:; 

2145   K  Bootii  " 

81  41 

+  27     16.0 

5.9—7.6 

IU—  122! 

_'_t:o 

73a 

Hfl       Brautis 

37  50 

+37     3.6 

6.2 

6.1 

::«< 

:•;.' 

48  33 

+  18   12.1 

9.1 

13.0— 13.0 

173J 

U 

2500   S   Libra 

64  18 

-  8     u 

0.1 

SJI 

•Ua 

15    3  87 

10 

<l3.fi 

'Kit 

71'. 

It  Triang.  Austr. 

8  37 

—06     2.1 

M 

B.0 

u 

To 

U  Cnrona 

18    6 

+32     8.4 

7.6 

&8 

u 

7-. 

S  Libra) 

14  18 

—19   60.1 

8.0 

12.5  » 

77 

- 

8  Scrpentis 

16  48 

+14   46,9 

7.8  —  8.0 

12.6) 

:.;.!. ii 

OF    ARTS    AND   SCIENCES. 


TABLE 

I.  —  Continued. 

So. 

Clua. 

DlKoreni. 

DM*. 

Obnenttlong,  IMS. 

41 

It 

Hind 

1B4B 

-,-.20  Sk. 

42 

1L 

Hind 

1848 

-,-,31  8k. 

42u 

Gould 

1874? 

43 

IL? 

Hind 

1855 

2  Hg.  45  K.  49,54,54  Sk. 

43a 

IL 

Pickering 

ISM 

11. 

Schmidt 

1828 

1  Ee. 

45 

IL 

Aawvn 

1870 

7  1'.  8.0,0  Sk. 

46 

11. 

(Miacurnnu 

1853 

1  Ee.  3  Hn.  6  K.  10,17,8  Sk. 

47 

V. 

Hind 

1848 

1  Be.  32  Hn.  2  K. 

4H 

II. 

Hind 

1848 

5,1.22  Sk.  22  Sr. 

411 

II. 

Hind 

1850 

1  En,  4  1*.    0,6,12  Sk. 

50 

II. 

Hind 

1851 

4,12,3  Sk. 

50a 

II. 

1871 

61 

II. 

HcliOnfeld 

186:1 

2  P.  24  Sr. 

62 

IL 

1782 

72.81, Ul  Sk.  38  Sr. 

62n 

187 1 

63b 

11. 

Beckw 

1882 

62? 

I--7-J 

fid 

Gould 

1.-71 

62. 

Piten 

1870 

!T 

1871 

13  Sr.  2  Zf. 

IL 

1.--.:; 

3Hn.  17  K.  2,0,10  Sk.  82  Sr. 

64 

IL? 

Burchell 

1^7 

64a 

Tliomo 

l*i2 

66 

II. 

Winncelw 

1801 

4  Hn.  60,32,26  Sk. 

66 

II. 

ClnmmMn 

1866 

57 

II. 

I'eterm 

186G 

68 

II. 

PM»U 

1871 

4  tie, 

60 

IL 

SeliitnfeLd 

1S-V1 

4  K.  9  P. 

80 

IL 

BogiialAwski 

1841) 

3,18,5  Sk. 

Gl 

II. 

Kurlinski 

IHOT 

25,14,3  Sk. 

81a 

IL 

02 

IL 

Hcmke 

186U 

12.10.10  Sk.  34  Sr. 

83 

IL 

Harding 

180)1 

2,0,0  Sk.  31  Sr. 

63a 

IV. 

Gould 

1871 

64 

IL 

I'ognon 

1853 

17  K.  11.14,30  Sk.  32  Sr. 

as 

It. 

Harding 

1831 

12,0,15  Sk.  oSr. 

6a 

IL? 

Schiinfeld 

IS.".!, 

67 

][. 

1  Jrililai'hniii'it 

is;: 

13  P.  4.0,0  Sk. 

es 

II. 

Mnnddi 

1704 

30,0.4  Sk. 

so 

11 

Hind 

1862 

7  K. 

69n 

II. 

1'nli.a 

1880 

10  P. 

694 

Gould 

1871 

LI 

lin  Wendell 

l&f» 

71 

II. 

At  Bonn 

1800 

14  Ee.  14  Hn.  6.14,0  Sk. 

72 

II. 

Ibnok* 

1868 

10  Ee.  10  P.  61.40,40  Sk. 

7.1 

II. 

At  Bonn 

1868 

2G.  0,18,39  Sk.  29  Sr. 

73a 

Suhmidt 

1867 

6Zr. 

786 

IL 

llnxcndril 

1880 

10  Ee. 

74 

V. 

Schmidt 

1850 

6Zr. 

74a 

II. 

Paiisn 

1S7B 

744 

IV.  1 

Gould 

1S71 

76 

V. 

Winneeke 

1800 

11  Hn. 

76 

IL 

Borelly 

1872 

10  P.  10,12,8  Sk. 

77 

II. 

Harding 

use 

12  Ee.  9  Hn.  20  P. 

328 
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No. 

II.  P. 

Name. 

R.  A.  1875. 

Dec.  1876. 

Max. 

Min. 

Pw. 

h.   m.    •. 

o            1 

m. 

m. 

<L 

78 

2553  S    Coronas 

15  16  18 

+31    49.1 

6.1  —  7.8 

11.9  —  12.5301.0 

78u 

—  '        Libne 

34  4(5 

—20   46.5 

9 

<14 

— 

71) 

2039,  R  Corona? 

43  25 

+28   32.5 

6.8 

13.0 

Irr. 

80 

2047  It  Serpentis 

44  66 

+  15   30.8 

6.0  —  7.6 

<U 

357.6 

80a 

— 

V  Coronas 

45    4 

+39   67.0 

7.7 

12         300.0 

81      — 

It  Librae 

40  32 

—15   61.7 

9.2  — 10.0 

<13 

723 

82   2078  T  Corona 

54  16 

+20    1C.6 

2.0 

9.5 

— 

83  1  — 

R  Herculis 

16    0  37 

+18   42.5 

8.0  —  9.0 

<13 

319.0 

83a1  — 

W  Scorpii 

4  28 

—19   48.0 

10 

<13 

224.3 

84     —     T  Scorpii 

0  30 

—22   39.9 

7 

<10 

— 

85  ;  —     It  Scorpii 

10  12 

—22   38.2 

9  ?  —  10.5 

<12.5     228 

80  i  — 

S    Scorpii 

10  13 

—22   35.2 

9.1  —  10.5 

<12.6     !  176.9 

80a    — 

Opliiuchi 

14  40 

—  7   24.0 

9.0 

<I8.5 

326 

87  ,  —  :  U  Scorpii 

15  16 

—17    85.3 

9? 

<12 

— 

87rr  —  '        Opliiuchi 

10.46 

—12     8.6 

7.6 

10.5       365 

83  I  —     U   Herculis 

2D  10    +19    10.8 

0.0  —  7.7 

11.4  —  11.6  408.3 

8'.)    2772  g    Herculis 

24  32 

+42     9.6 

5 

6.2          Irr. 

90     —  '  T   Opliiuchi 

20  35 

—15   61.8 

10 

<12.5     !  — 

91 

—    S    Opliiuchi 

27    4 

—16  63.7 

8.3  —  9.0 

<12.5 

233.8 

Ola 

—  1  \V  Herculis 

30  48 

+37   35.6 

8.0 

<14.5 

289 

91&    —  '        Urs.  Min. 

31  40 

+72   31.9 

8.0 

10.5       >180? 

01c    —     R   Draconis 

82  22 

+07     0.7 

7.2 

13<       !245.9 

02  .28281  S    Herculis 

40  13 

+15     9.2 

6.9  —  6.8 

11.5  —  12.2  303 

93  !233>        Opliiuchi 

62  30 

—12  42.0 

65 

12.5 

— 

9;k    —     V   Herculis 

53  41 

+35   15.6 

9.0 

11.7 

— 

04     —     It  Opliiuchi 

17    0  36 

—15  65.6 

7.0  —  8.1 

<12 

302.4 

05    2879  a     Herculis 

8  57    -4-14    32.1 

3.1 

3.9 

Irr. 

05«  28S3  U  Opliiuchi 

10  12  .+  I    21.0 

0.1 

6.8 

0.9 

Orj    2890  u    Herculis 

12  42 

+33   14.1 

4.6 

5.4 

38.5 

97      —  i        Serpen  turii 

23    0 

-21    22.4 

>1 

a 

_ 

98    2972  X    Sagittarii 

80  41 

—27    46.8 

4 

6 

7.0 

99   3035  W  Sagittarii 

67    2 

—20   ^5.1 

5 

0.5 

7.6 

10) 

— 

T    Herculis 

18    4  22 

+31     0.1 

7.2  —  8.3 

11.4  —  12.1 

1651 

101 

—     T   Serpentis 

22  43 

+  0    13.1 

9.1—10.0 

<12.8 

342.3 

102     —     V  Sagittarii 

24    4    —18   20.9 

7.6? 

9.5? 

— 

103 

— 

U  Sagittarii 

24  32 

—19   12.7 

7.0 

as 

6.7 

104 

— 

T   Aquila* 

39  45 

+  8  36.9 

8.8 

9.6 

Irr. 

105   3170,  It   Scuti 

40  49 

—  6   60.2 

4.7  —  5.7 

6.0  —  8.5 

71.t 

lOVil  —  1  k    Pavouis 

44    3 

—67   23.2 

4.0 

6.5 

9.1 

100    3193/3    Lvrae 

45  28 

+33   18.0 

8.4 

4.6 

12.9 

107    3224  It   L'yrw 

61  32 

+43  47.1 

4.3 

4.6 

46.0 

108 

—    S  Coron.  Austr. 

62  43 

—37     7.2 

9.8 

11.5? 

0.1 

109 

It  Coron.  Austr. 

63  29 

—37     7.2 

10.6—11.5 

<12.5 

31 

110 

— 

It  Aquilaa 

19    0  21 

+  8     2.6 

6.4  —  7.4 

10.9—11.2 

346.1 

111 

— 

T  Sagittarii 

9    1 

—17   11.2 

7.6  —  8.1 

<11 

381 

112 

— 

It   Sagittarii 

9  21 

—19  31.5 

7.0  —  7.2 

<12 

270.0 

113 

— 

S    Sagittarii 

12    7 

—19   16.1 

9.7  — 10.4 

<12.7 

280 

114 

3305  It  Cygni 

a3  28 

+49  66.1 

6.9  —  8.0 

13 

426.3 

115 

— 

11  Vulpeculoo 

42  26 

+27     0.6 

3 

1 

... 

no  ;  — 

S    Vulpeculas 

43  10 

+2(5   68.7 

8.4  —  8.9 

9.0  —  9.6 

07.6 

117    3434  x    Cygni 

45  46 

+32    80.0 

4.0  —  0.0 

12.8 

400.5 

118  |343t>!i7    Aquilae 

46    6 

+  0  41.2 

8.5 

4.7 

7.2 

no  !  — 

S    Cygni 

20    2  63 

+67   37.0,  8.8  —  9.6 

<18 

322 ff 

120  :  — 

It  Capricorni 

4  17 

—14   88.2 

8.8  —  9.7 

<18 

817 

121  |  — 

S    Aquilae 

6  62 

+15   14.9 

8.9  —  9.9 

10.7  —  11.8 

147.2 

OF  ARTS  AND  8CIXMCES. 


TABLE   I.  —  CrnitinmJ. 


no. 

Ch. 

DM* 

0,-™»K.«. 

78 

n. 

Renck0 

I860 

10  Hn.  6  K.  16,60.30  8k.  86  Sr. 

Tft. 

1B78 

OP. 

70 

ii.i 

Pigott 

1796 

8Ee.  6G.  01,30,26  Sk.  70  Sr. 

SO 

ii. 

1826 

7Ke.  1  K.  17  P.  6Sr. 

80a 

ii. 

1878 

19  1 '.  3  Ee.  1  En.  27,18,10  Sk. 

81 

ii. 

Potion 

1888 

89 

i. 

Birmingham 

1868 

17  B.  13  Hn,  2K.  3,0,16  Sk. 

88 

IL 

At  Bonn 

lx.ii 

24  Ke.  8  Hn. 

83a 

II. 

J.  PftllM 

1877 

IIP. 

8* 

I. 

Auiwn 

I860 

86 

II. 

Cli»eorn»c 

i  B6a 

6K.9P. 

88 

11. 

Olucomic 

1864 

6K.9F. 

86a 

II. 

Sohimfeld 

1881 

87 

1.1 

1803 

87a 

1881 

8D. 

88 

II. 

11  en  eke 

um 

18,82,22  Bk.  30  Sr. 

tfl 

m. 

Baxemtell 

1867 

86  Sr. 

00 

ii. 

ino 

1  >1 

u. 

Yuginn 

1864 

lHn. 

01s 

Dnncr 

1880 

13  D.  18  Ee.  7  Ha.  10  P. 

016 

IL 

Pickering 

1861 

20,17.70  Sk. 

eic 

11 

Gcelmuyden 

1878 

89  Sr.  9.13,26  Sk. 

» 

II. 

Ai  Buun 

1868 

8  Hn.  36,30,39  Sk. 

08 

I. 

11 1ml 

1848 

Ml 

II. 

Bnxemlell 

1880 

12  Ee. 

M 

IL 

1863 

St.". 

III. 

W.  1  i.-i-.-.  I-...-1 

1796 

2  Sr,  18  Zr. 

yr*. 

V. 

1881 

4Sr. 

06 

III. 

Selnnldt 

18001 

2  G.  12  Sr.  16  Zr. 

'.•7 

I. 

Fabric!  tw 

1804 

08 

IV. 

Schmidt 

1888 

2(1  Sr. 

tw 

IV. 

Schmidt 

31  Sr. 

Urn 

II. 

At  Bonn 

1867 

10  Hn.  7,22,14  Sk.  18  Br. 

lfil 

It 

flaxen  dell 

1800 

IB* 

108 

IL 

Quiriitig 

1866 

lit:! 

IV. 

Schmidt 

1808 

104 

It. 

Winnecke 

1880 

105 

IL 

Pi got t 

17W> 

8,0,0  Sk.  AS  Sr. 

106a 

IV. 

Thome 

1872 

100 

IV. 

GooJricke 

1784 

1  Hg.  10  Zr. 

107 

IL! 

Bsxendell 

1866 

67  Sr. 

108 

IV? 

Schmidt 

1806 

10H 

11.' 

Schmidt 

1801 

110 

II. 

1866 

7  Ee  13,8,82  Sk. 

111 

II. 

1888 

33,17,14  Sk. 

lis 

11. 

186B 

6  ]'.  24, 10,10  Sk. 

li:: 

II. 

Poggon 

1800 

7  P.  -,-.12  Sk. 

111 

11 

Fogion 

1862 

0  Hn.  17  T.   10.8,1  Sk. 

115 

I. 

A  m  helm 

1870 

SK. 

116 

II. 

Hind 

1861 

31  Hn.  2  K.  7,0.0  Sk. 

117 

IL 

Kirch 

1686 

2En.22G.-llK.  Ii0  P.  20,27,9Sk. 

b8i 

118 

IV. 

Pitmtt 

1T84 

110 

IL 

At  Bonn 

1860 

0  K.  18  P.  0,2,12  Sk. 

120 

11. 

Hind 

1818 

121 

II. 

Ban  en  dell 

1B63 

3  Ee.  18  K.  80  P. 
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TABLE   I.—  Continued. 


No. 

HP. 

»m. 

R.  A.  1876. 

D«.  1B76. 

Hun. 

Mia. 

Far. 

122 

R  SmjHob 

20     8  22 

+  10   21.0 

8.5  —  8.7 

9.8  — 10.4 

VI-', 

It  1  J,-I[iliini 

a  63 

-t-  8   42.7 

7.0  -  8.5 

12.8 

2-4.l> 

m 

3547 

18  11 

■+37    3K.7 

3  —  5 

<6 

i-j.'j 

UCygni 

16  44 

+47   30.1 

0.81 

iji; 

3S67 

li  Ccpliei 

34  20 

+B8    45.1 

61 

10? 

i-ja. 

—  Cygni 

87  17 

+47   41.8 

8 

12 

493. 

S  Delphini 

87  10 

+  1(1   38.4 

B.4  — 8.0 

10.4  —  11.1 

275.6 

]]■■■ 

T  Delphini 

3D  34 

+  16   6.1.7 

85  —  8.0 

<13 

::.l,f 

tan 

U  Capricorn! 

41  11 

—15    14.4 

10  2—  10* 

<13 

sou 

l;ln 

3064 

T  Cygni 

42  12 

+:',.:    6.YI 

651 

6? 

i;;i 

T  Aquarii 

43  20 

—  5    8Q.5 

6.7  —  7.0 

12.4  — 12.7 

2083 

l:ij 

li  Vnlpecilla: 

68  40 

+23     lLt.3 

7.5  —  8.6 

12  5  —  13.0 

137.5 

132-1 

21    0  10 

—24    25;' 

H 

14 

1324 

T  Cephei 

7  62 

+117   ?>*.: 

60 

9.6 

383 

i:;.; 

T  Cnpriuorni 

16    0 

-15   41.4 

ao  —  b.7 

<13 

300.4 

LSI 

S  Cepliei 

86  46 

+78     3.6 

7.4  —  8.6 

11.5 

483 

l:il. 

Sort  Cygni 

87    2 

+42    18  2 

I.::, 

8846 

li   Cepliei 

m  41 

+58    12.4 

41 

5! 

lrr. 

T  l\>ga»i 

22    2  48 

+11    65.7 

8.8  —  B.8 

<12.5 

307.5 

137 

8081 

3  Ccpliei 

24  32 

+:•:   4ti.fi 

3  7 

4.0 

5.4 

137a 

87  43 

+41   43.0 

8.0 

<13.S 

316. 

l.;* 

5  Aquarii 

50  26 

— 31     0.0 

7.7  —  9.1 

<11.6 

SN4 

130 

4078  S  IVgjui 

57  45 

+27    24.2 

22 

2.7 

lrr. 

140 

—  |1(  Pcgui 

23     0  22 

+  0    62.1 

0.0  —  7.7 

12! 

;-2H 

in 

14  14 

+  8    14.2 

7.6 

<12.2 

14M 

4103  K  Aqiinrii 

37  21   '—16   58.7 

6.8  —  8.5 

111 

;-v.n 

143 

42  ;4  ii  Cassiopeia; 

62    4    +50   41.6   4.8  —  0.8 

<12 

I2.',J 

2.  Max.  1886,  beginning  of  February.    D. 

6a.  Min.  1885,  March  14,  Oh.  82m.  O.  M.  T. ;  March  10, 9h.  12m.  0.  M.  T.    K. 

12.  Max.  1885,  February  4.     G.     Max.  1885,  February  11 ;  magn.  2.8,    K. 
27a.  Max.  1885,  February  12.     D. 
37.  Rising  to  max.  1885,  May  11 ;  magn.  7.8.     K. 
386.  Riling  to  max.  1886,  April  17 ;  magn.  10.1.    K. 

38c.  Max.  1885,  January  25±.     Min.  1885,  January  6.6,  February  17.    En. 
43.  Max.   1885,   April   8.8;    magn.  9.25  (a  double   max.1);     1885,  Decem- 
ber B±!J     K. 

46.  Max.  1884,  December  30;  magn.  10.6.     K. 

47.  Minima   partially   observed,    1886,  February  30,  March  11.      Star  dis- 
appeared in  mist  near  horizon.     K. 

53.  Max.  1885,  June  28 ;  magn.  7.1.     Min.  1885,  March  10 ;  magn.  18.2.     K. 

59.  Invisible  on  each  occasion.     K. 

64.  Max.  1886,  May  5;  magn.  726.    K. 

60.  Declining.    K. 
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TABLE  I.— Continued. 


No. 

Clan. 

DiaeoTerer. 

Date. 

Obwrrationj,  1885. 

122 

IL? 

Bazendell 

1859 

25  Ee.  38  Hn.  1  P. 

123 

II. 

Hencke 

1859 

7  Hn.  18,22,6  Sk. 

124 

I. 

Janson 

1600 

0,1,16  Sk.  44  Sr.  13  Zr. 

125 

II. 

Knott 

1871 

8  Ee.  7  En.  12  K.  11  P.  82,43,44  Sk. 

126 

IL? 

Pogson 

1856 

18  Ee.  7  K.  20,10,12  Sk. 

126a 

II. 

Birmingham 

1881 

3  En.  -  Hg.  11  P.  60,50,85  Sk. 

127 

II. 

Baxendell 

1860 

21  Ee.  4  P.  -,-,21  Sk. 

128 

II. 

Baxendell 

1863 

14  Ee.  14  K.  19,19,11  Sk. 

129 

II. 

Pogson 

1858 

9  P. 

130 

— 

Schmidt 

1864 

48  8r. 

131 

II. 

Goldschmidt 

1861 

IIP. 

132 

II. 

At  Bonn 

1858 

7  Ee.  10  K.  2  P.  8,0,0  Sk. 

132a 

— 

Peters 

1867 

9  P. 

1326 

IL? 

Ceraski 

1878 

25  Ee.  32  K.  25,80,45  Sk. 

133 

II. 

Hind 

1854 

5  P. 

184 

II. 

Hencke 

1858 

81  Ee.  56,60,54  Sk. 

134a 

I. 

Schmidt 

1876 

— . 

135 

III.? 

Hind 

1848 

1  B.  35  G.  49,25,34  Sk.  22  Zr. 

136 

II. 

Hind 

1863 

10  P.  0,2,0  Sk. 

137 

IV. 

Goodricke 

1784 

22  Zr. 

137a 

— 

Deichm  tiller 

1883 

4  Ee.  -  Hg.  11  K.  2  P. 

138 

II. 

Argelander 

1853 

8  P.  13,1,2  Sk. 

139 

III. 

Schmidt 

1847 

3  B.  89  Sr. 

140 

II. 

Hind 

1848 

4  Ee.  4  P. 

141 

II. 

Marth 

1864? 

0,1,0  Sk. 

142 

II. 

Harding 

1811 

8  P.  19,8,8  Sk.  18  Sr. 

143 

IL 

Pogson 

1853 

6  I).  5  Ee.  6  G.  19  P.  41,24,28  Sk. 

78.  Max.  1885,  May  5^?  ;  magn.  7.0.    K. 

79.  Estimated  magn.  5.8  to  6.0.    G. 

80.  1885,  April  20;  magn.  11.5.     K. 

80a.  Max.  1885,  August.    Computed  max.  1878,  October  21.7,  +356d.52.    E. 
Computed  min.  1879,  May  3,  +356*.62  E.    D. 

85.  Past  max.  1885,  May  11.    K. 

86.  Past  max.  1885,  May  11.    K. 

87a.  Max.  1885,  about  end  of  March.    D. 
91a.  Max.  1885,  September.    D. 
117.  Max.  1884,  November  23.    G. 

121.  Min.  1885,  June  16 ;  magn.  11.0.    Star  called  T  Aquifa  by  Baxendell.  K. 
125.  Max.  1885,  May  16;  magn.  7.65.    K.    Max.  1885,  middle  of  July.    En. 
128.  Max.  1885,  Aug.  17 ;  magn.  10.3.     Star  called  S  Delphini  by  Baxen- 
dell.   K. 

132.  Max.  1885,  July  20;  magn.  8.2.    K. 

1326.  Max.  1885,  April  2 ;  magn.  6.8.    Min.  1885,  September  15 ;  magn.  9.6.   K. 

185.  Near  max.  1885,  May  11.    G. 
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TABLE  II.  —  Additional  Stabs. 


No. 

R.  A.  1875. 

Dee.  1875. 

Obeerrations,  1886. 

Rem. 

b.      m. 

O         ' 

1 

0    6.8 

-+-14  80 

8B. 

3 

16.4 

—20  46 

8M. 

__ 

85.0 

+40  37 

13  1).  27  Ee.  -  Hg.  17  Hn.  47  P. 

A. 

9 

87.8 

+  6  37 

6  P. 

21 

1    6.2 

4-80  63 

3M. 

23 

7.7 

-+-34  67 

8M. 

25 

15.0 

-+-9    2 

6  P. 

31 

10.6 

—  4  87 

8M. 

37 

25.7 

—  7  22 

3M. 

__ 

28.2 

-+-11  65 

6G. 

B. 

43 

38.6 

—29  40 

8M. 

45 

39.1 

4-  7  56 

3M. 

47 

47.7 

-+-  8  10 

4B.  3M. 

67 

2    0.8 

—  9  11 

3M. 

50 

10  4 

4-68  22 

8M. 

61 

15  2 

4-64  47 

8M. 

63 

10.0 

4-  9  56 

3M. 

_ _ 

28.2 

—13  38 

8Sr. 

C. 

— 

40.3 

+68  14 

42,86,46  Sk. 

D. 

73 

3  37.6 

+  00 

4  P. 

77 

41.8 

—  0  17 

1M. 

81 

40.5 

+  7  24 

3G.   6M. 

E. 

85 

49.6 

+39  89 

SM. 

87 

67  8 

+23  88 

5  P. 

01 

4  10.5 

—10  24 

3M. 

93 

14.6 

+19  31 

3K.  6,6,3  Sk. 

117 

6    14 

—  8  40  • 

1  M. 

123 

5.8 

+  0  22 

1M. 

129 

Q.Q 

—  0  15 

1  M. 

146 

28.3 

+10  10 

15  G. 

F. 

151 

29.3 

—  3  20 

1  M. 

— 

48.4 

+20    9 

3  D.  7  G.  6  P.  6  Sr. 

G. 

— 

7  10.2 

+23  47 

20.-.0  Sk. 

H. 

205 

8    2.4 

+19  48 

6  P. 

— . 

49.1 

+12    7 

-K. 

1. 

_ 

61.6 

+11  18 

-K. 

J. 

229 

9  20.1 

+  14  60 

3M. 

243 

30.4 

+15  48 

2M. 

293 

10  45.6 

—20  36 

4M. 

303 

11  10.0 

—  3  22 

6M. 

311 

12    7.5 

+  0  17 

3M. 

315 

10.7 

+80  49 

2M. 

327 

24.0 

+  66 

3M. 

331 

26.0 

—19  66 

1M. 

837 

32.7 

+17  12 

8M. 

339 

32.9 

+17  11 

1M. 

348 

44.6 

+82  23 

4M. 

363 

13    8.2 

—  9  40 

8M. 

mi 

24.0 

—  8  65 

3M. 

375 

47.8 

+11  41 

4M. 

381 

66.4 

—  1  47 

7M. 

— 

14  15.4 

—  1  25 

PB. 

K. 

— 

24.7 

+39  36 

25  D. 

L. 

413 

46.4 

—11  40 

6M. 
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TABLE  U.— Continued. 


No. 

B.  A.  1875. 

Dec.  1875. 

Otwerr&tions,  1885. 

Bern. 

b.      m. 

o      * 

429 

15  10.7 

—  3  43 

6M. 

447 

36.5 

—10  31 

3M. 

459 

16    1.2 

—21  11 

10  P. 

405 

9.1 

+11  60 

3M. 

471 

22.4 

—19  14 

3  P. 

479 

31.7 

+72  32 

4M. 

483 

44.7 

—  6  68 

6M. 

491 

63.2 

—  4    2 

3M. 

503 

17  37.6 

—18  36 

3M. 

509 

18    2.7 

+28  44 

18  B.  87  Hn.  16  Zr. 

— 

20.5 

+38  40 

2,4,3  Sk. 

M. 

617 

28.0 

+30  64 

5  M.  8,6,6  Sk. 

N. 

— 

38.6 

+36  60 

3,4,8  Sk. 

O. 

— 

39.1 

+39  11 

8,6,7  Sk. 

P. 

521 

43.1 

—  8    3 

8M.  6,6,12  Sk. 

Q. 

529 

52  8 

+14  12 

2M. 

635 

67.7 

—  6  62 

-  K.  2  M.  6,6,11  Sk. 

B. 

537 

69.8 

+66  63 

3M. 

543 

19  19.0 

—21  30 

3M. 

545 

23.9 

+  2  89 

3M. 

549 

27.1 

+17  28 

6Ee.  3M. 

555 

35.3 

+12  63 

10  Ee.  8G.  1M. 

S. 

657 

37.9 

+36  56 

3M. 

561 

39.1 

+33  61 

3M. 

— 

39.9 

+84    7 

2M. 

— 

60.3 

+16  17 

25  G.   16  Sr. 

T. 

667 

20    7.1 

—22  21 

7  P. 

— 

9.8 

—21  42 

20,12,20  Sk. 

U. 

673 

19.7 

+  9  39 

3M. 

676 

23.6 

—12  39 

3G.    3M. 

— 

248 

+39  34 

18  En.  -K. 

V. 

685 

39.6 

—  0  48 

8M. 

— 

89.7 

+17  88 

14  G. 

W. 

589 

42.0 

+46  36 

6M.  87,24,14  Sk. 

X. 

591 

44.5 

+45  23 

8  M.  37,24,14  Sk. 

Y. 

— 

46.1 

+27  47 

7  G.  37  Sr. 

Z. 

595 

69.6 

+66  13 

3M. 

697 

21    0.1 

+67  41 

3M. 

601 

1.4 

—21  61 

7  P. 

603 

7.9 

+67  69 

2M. 

607 

12.2 

+06    6 

3M. 

— 

31.3 

+44  49 

64  G.  65  Sr. 

AA. 

— 

38.2 

+37  27 

0,0,14  Sk. 

613 

45.2 

+  64 

3M. 

616 

56.6 

—17  14 

9  P. 

— 

22  29.3 

—  8  16 

-K. 

BB. 

— 

31.6 

+67  47 

8  En. 

CC. 

635 

28  14.8 

+55  26 

8M. 

645 

88.8 

—  1  20 

6M. 

— 

39.9 

+  2  47 

1G. 

DD. 

653 

64.9 

+69  40 

1M. 
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Remabks. 

A.  New  star  in  the  nebula  of  Andromeda,  announced  by  Hartwig. 

B.  This  star  is  100  Piscium.  Variation  discovered  by  Borelly.  Near  a  maxi- 
mum, 1885,  November  30.    G. 

C.  Discovered  by  Sawyer  in  1884.    Period  not  determined. 

D.  DM.   +68°  539. 

E.  Discovered  by  Gore  in  1885. 

F.  The  observations  show  a  variation  of  about  half  a  magnitude.  The  star 
has  been  called  T  Orionis.    G. 

G.  Discovered  by  Gore  in  1885.    Magn.  6.15,  December  18, 1885.    G. 
H.    DM.  +23°  1099.     Sk. 

I.      60  Cancri.     K. 

J.     DM.   +11°  1954.    Variation  suspected  by  BaxendelL    K. 

K.     103  Vtryinis.     B. 

L.  This  star  has  been  called  V  Bootis.  Max.  1885,  June  1 ;  magn.  7.2.  Min. 
1885,  January  28,  October  23;  magn.  9.4.  Computed  max.  1884,  Septembers, 
+206.6  E.    Computed  min.  1885,  January  29,  +266.5  E.    D. 

M.    Birmingham  442.     Sk. 

N.     Birmingham  448.     Sk. 

O.    Birmingham  458.     Sk. 

P.     Birmingham  459.     Sk. 

Q.    Birmingham  464.    Sk. 

K.    Birmingham  483.    Sk. 

S.    About  magn.  8,  1885,  August  19,  September  0,  November  4.    G. 

T.  Discovered  by  Gore,  1885.  Confirmed  by  Espin  and  Sawyer.  Variation 
from  about  magn.  5.6  to  6.4.    Period  short,  about  8J  days  (G.),  8  days  (Sr.). 

U.    Birmingham  545.     Sk. 

V.  DM.  +39°  4208.  Found  1885,  July  9,  as  a  splendid  red  star,  magn.  7.9, 
since  varying  to  9.2;  no  period  found;  diminishing  irregularly.  En.  Below 
magn.  8,  1885,  August  13,  September  7,  September  9. 

W.  Birmingham  569.  Discovered  by  Espin  and  confirmed  by  Gore.  Period 
perhaps  111±  days.    G. 

X.    DM.    +45°  3271.     Sk. 

Y.    DM.   +45°  3289.     Sk. 

Z.  Discovered  by  Sawyer,  1885,  and  confirmed  by  Gore.  Period  4.437 
days.    Sr. 

A  A.  Birmingham  587.  Discovered  by  Gore,  1885,  and  confirmed  by  Sawyer. 
Near  max.  1885,  January  1,  August  19;  near  min.  1885,  June  9.  G.  Period 
120±  days.    Sr. 

BB.     Variation  suspected  by  Hind.    K. 

CC.  DM.  +57°  2568.  Fine  orange  red.  Observed  variation  from  magn. 
7.0  to  8.0.    Period  probably  short.    En. 

DD.    19  Piscium.    Magn.  5.5,  October  8, 1885.    G. 


Professor  Safarik  also  reports  the  following  numbers  of  observation* 
of  suspected  variable  stars,  which  are  given  in  the  same  form  as  in  the 
tabular  statements :  star  in  Auriga,  0,0,1 ;  in  Cants  Major^  0,0,2;  in 
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Capricornus,  0,0,13;  in  Monoceros,  0,3,3;  two  in  Ophiuchus,  0,14,9; 
in  Perseus,  0,0,8 ;  in  Virgo,  0,0,9. 

He  has  made  observations  of  the  minor  planets  as  follows :  Ceres 
(1),  6,19,28;  Pallas  (2),  0,0,24;  Juno  (3),  4,23,12;  Vesta  (4),  0,0,4; 
and  observed  the  periodical  comet  Pons  three  times  in  December, 
1883,  and  eight  times  in  January,  1884. 

The  observations  of  asteroids  just  mentioned  deserve  attention,  and 
it  is  to  be  hoped  that  other  observers  will  adopt  the  practice  of  observ- 
ing such  objects,  and  of  including  them  in  their  statements  with  regard 
to  variable  stars.  The  instance  of  Iapetus  shows  that  the  variations 
of  a  body  shining  by  reflected  light  may  become  an  interesting  object 
of  study,  and  may  instruct  us  with  regard  to  its  period  of  rotation. 
Again,  supposing  it  to  be  proved,  either  that  a  certain  asteroid  varies 
only  in  accordance  with  its  distance  from  the  Sun  and  from  the  ob- 
server, or  that  its  other  variations  have  a  sufficiently  definite  character 
to  allow  them  to  be  computed,  it  would  form  a  valuable  instrument  of 
comparison  between  widely  separated  stars.  It  is  probable  that  stellar 
magnitudes,  as  estimated,  or  even  as  measured  by  many  kinds  of  pho- 
tometric apparatus,  are  subject  to  systematic  errors  dependent  upon 
the  relative  frequency  of  stars  in  different  parts  of  the  sky.  These 
errors  might  be  detected  and  eliminated  by  the  comparison  of  aste- 
roids with  the  stars  differing  but  little  from  them  in  brightness,  among 
which  they  were  apparently  moving  at  different  times. 


REPORTS  OF  COMMITTEES. 


Third    report    op    the   committee  on  standards  op  stellar 
magnitudes. 

The  work  described  in  the  previous  reports  of  this  Committee 
(Proc.  Amer.  Assoc.  XXX,  p.  1,  XXXI,  p.  1  )  has  been  continued 
during  the  past  year.     The  scrutiny  of  the  regions  from  which 
the  standards  are  selected  has  been  carried  on  by  several  members 
of  the  committee.    The  maps  of  these  regions  were  originally  made 
as  stated  in  the  last  report  with  the  fifteen  inch  telescope  of  the 
Harvard  College  Observatory.     The  roost  favorable  nights  were 
not  always  employed  in  this  work,  and  the  proximity  of  the  elec- 
tric lights  in  Boston  doubtless  obscured  some  of  the  fainter  stars. 
The  careful  revision  with  the  telescope  of  the  Washburn  Observa- 
tory, which  has  also  a  slightly  larger  aperture,  has  doubtless  ren- 
dered these  maps  nearly  complete,  so  far  as  the  limit  of  visibility 
of  telescopes  of  this  size  is  concerned.     A   second   revision   has 
been  made  with  the  Princeton  telescope  whose  aperture  is  twenty- 
three  inches.     Much  fainter  stars  are  thus  detected.     Another  re- 
vision will  probably  be  undertaken  with  the  Washington  telescope 
of  twenty-six  inches  aperture  which  should  reveal  still  fainter  stars. 
To  secure  the  faintest  stars  visible  with  the  largest  telescope  in 
the  world,  hectograph  copies  have  been  made  of  the  regions  follow- 
ing, y  Pegasi,  e  Or  fonts,  tj  Virginia,  y  Serpentis.     Copies  have  been 
sent  to  all  observatories  containing  telescopes  of  the  largest  size, 
with  the  request  that  all  stars  visible  may  be  added.     If  this  re- 
quest is  acceded  to,  we  shall  have  the  means  also  of  determin- 
ing the  comparative  advantages  of  telescopes  of  different  forms. 
Engravings  of  these  charts  have  been   published   in  the  Astro- 
nomical Register,  XXIII,  39,  and  the  Sidereal  Messenger,  IV,  24. 
Replies  have  already  been  received  including  important  additions 
to  the  charts  from  the  Melbourne  and  Strasburg  observatories. 
It  is  hoped  that  the  results  of  observations  with  all  the  larger 
telescopes  may  be  received  before  July,  1886,  in  order  that  they 
may  be  included  in  the  report  for  next  year. 

(1) 


2  REP0RT8   OP   COMMITTEES. 

Meanwhile  stars  suitable  as  standards  have  been  selected  from 
each  of  the  twenty-four  maps.     An  attempt  was  made  to  choose 
such  as  should  differ  in  brightness,  on  the  average,  by  about  half  a 
magnitude,  beginning  with  the  brightest  stars  in  the  region  which 
are  generally  not  far  from  the  tenth  magnitude,  and  extending  to 
the  faintest  objects  seen.     The  magnitude  of  most  of  these  was 
estimated  twice  when  the  charts  were  made  and  once  when  the 
standards  were  selected.     Measurements  were  also  made  with  the 
photometer,  designated  as  I  in  the  Ham.  Observ.  Annals,  XI, 
p.  7,  figs.  5  and  6.     Each  star  was  observed  on  three  evenings, 
three  settings  being  made  on  each  evening.    The  construction 
of  this  photometer  does  not  permit  the  measurement  of  bright 
8 tars.     The  two  brightest  stars  of  each  chart,  if  not  too  faint, 
are  now  being  measured  with  the  large  meridian  photometer  at 
Cambridge.      Three  sets,  each  consisting  of   four  settings,  are 
taken  of  each  star.     This  portion  of  the  work  is  nearly  completed. 
All  stars   that  were  not  too  faint  were  also  measured  on  three 
evenings  with    the  form  of  wedge   photometer   described   Proc. 
Amer.  Acad.  XVII,  231.    Three  settings  were  made  each  evening. 
With  this  instrument  the  observations  are  differential,  and  it  is 
necessary  to   determine  the  constants  independently.     The  con- 
stant expressing  the  opacity  of  the  wedge  was  found  by  means  of 
a  special  photometric  investigation.     In  each  series  of  measures 
the  light  of  the  bright  star  preceding  the  group  was  reduced  by 
a  piece  of  shade  glass  and  then  measured  by  the  wedge.     Assum- 
ing the  opacity  of  the  shade  glass,  a  means  is  thus  afforded  of 
reducing  all  the  measures  to  the  scale  of  the  meridian  photometer 
since  the  preceding  bright  stars,  or  leading  stars,  have   all  been 
measured  with  that  instrument.     Unfortunately,  the  shade  glass 
was  of  a  bluish  tint  and  appears  to  be  moreopaqne  to  the  red  stars 
like  a  Tauri\  than  to  the  blue  stars.     The  observations  were  ac- 
cordingly reduced  by  means  of  the  observations  of  the  same  stars 
with  the  other  photometers. 

The  various  determinations  of  the  brightness  of  the  stars  se- 
lected as  standards  are  compared  in  Table  I.  The  twenty-four 
divisions  correspond  to  the  various  groups  of  standards  and  each 
is  preceded  by  the  name,  Harvard  Photometry  number  and  mag- 
nitude of  the  leading  star.  The  successive  columns  give  for  each 
star  selected  as  a  standard,  the  letter  employed  to  designate  it,  the 
amount  it  follows  the  leading  star  in  right  ascension,  and  its  dec- 
lination.   The  latter  is  reckoned  from  the  southern  edge  of  the 
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zone  10'  wide  from  which  the  standards  are  selected.  The  decli- 
nations of  the  leading  stars  would  therefore  be  5'.0.  The  fourth 
column  gives  the  magnitudes  assumed  provisionally  for  the  stand- 
ards. It  is  derived  from  the  mean  of  the  measures  described  above. 
Magnitudes  have  been  assumed  for  stars  too  faint  to  be  measured 
with  any  of  these  photometers.  The  limiting  magnitudes  of  the 
stars  observed  at  Cambridge,  may  be  taken  at  15.0,  although  stars 
have  been  measured  as  faint  as  15.5.  Standards  contained  on  the 
original  charts  and  not  measured  will  therefore  be  called  15.0. 
Those  added  by  the  Washburn  telescope  will  be  somewhat  fainter, 
and  will  be  called  15.1.  The  aperture  of  the  Princeton  telescope 
8h ou Id  render  visible  stars  nine-tenths  of  a  magnitude  fainter,  if 
no  other  cause  entered.  These  stars  should  therefore  varv  in 
magnitude  from  15.2  to  16.0,  or  have  a  mean  magnitude  of  15.6. 
For  stars  south  of  the  equator,  one-tenth  of  a  magnitude  is  sub- 
tracted from  the  magnitudes  thus  indicated  on  account  of  the 
atmospheric  absorption.  The  fifth  column  gives  the  residuals 
expressed  in  tenths  of  a  magnitude,  found  by  subtracting  the  pro- 
visional magnitude  from  that  found  by  the  three  photometers  re- 
spectively. Italics  indicate  that  the  residuals  are  negative.  When 
the  magnitude  depends  upon  a  single  instrument  an  a  is  inserted. 
A  discordance  of  a  magnitude  or  more  is  indicated  by  a  b. 
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TABLE  I.— Continued. 
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10.7 
12.0 
12.7 
13.4 
14.1 
14.9 
14.9 
15.5 
15.5 


001 
.  A 

0  1 
22 
0  1 

A 
A 


19.    Ji    Skki'ENTIS.        H.P.  3090.    8.4 


a 

5 

0 

b 

3 

42 

c 

4 

36 

d 

2 

33 

0 

3 

16 

f 

5 

18 

g 

4 

46 

h 

4 

24 

i 

5 

4 

3.6 

9.7 

8.8 

11.8 

5.0 

12.4 

6.5 

13.0 

0.5 

13.0 

5.2 

14.2 

5.0 

15.6 

.  8.4 

15.0 

8.5 

15.5 

a 
b 
c 
d 
e 
f 

g 
h 
i 
J 


2  7 

8  86 

2  41 

8  47 

8  23 

2  25 

2  19 

2  22 

2  18 

2  25 


4.8 

9.4 

6.0 

10.1 

8.8 

11.0 

6.1 

12.0 

2.8 

12.8 

1.0 

18.8 

3.9 

14.9 

6.4 

14.9 

7.4 

15.0 

4.4 

15.5 

a 
b 
o 
d 
e 
f 

g 
h 

i 

J 
k 

1 


8  8 

2  52 

2  14 

3  7 
8  45 
2  0 
2  9 
2  42 
2  45 
2  88 
2  83 
2  28 


10.5 

9.3 

10 

11.8 

4.3 

12.3 

8.1 

13.1 

8.0 

13.6 

1.5 

13.8 

7.8 

14.2 

2.0 

14.3 

7.2 

14.5 

6.0 

15.0 

4.1 

15.0 

5.3 

15.5 

21  . 

22  . 
.  8% 
.  11 
.  II 
.  22 
.  .  A 


18.    i)  OPHIUCHI.    H.  P.  2868.        2.6 


B47 
.45 
.  4  4 
.22 
.2  1 
.  0  1 
.  .  A 
.  .A 
.  .  A 
.  .A 


20.    t    AQUIUK.       H.  P.  8843.    3.5 


8.0 

8.2 

8.8 

9.0 

6.0 

11.2 

8.5 

11.1 

4.0 

11.5 

2.8 

19.4 

4.8 

12.6 

8.0 

18.8 

2.6 

18.S 

4.8 

14.6 

3.6 

14.9 

V  U 

15.1 

si  . 

10  . 
.61 

.1 1 
.  11 

.10 


.  .  A 
.  •  A 
•  -A 


*.% 


\~\ 
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21.    B    AqmLJE.         H.P.  3514.    8.4 


a 
b 
o 
d 
c 
f 

g 
h 

i 

J 
k 

1 

m 


3  42 

3  10 

3  22 

4  8 
2  0 
2  14 
2  65 
2  21 
2  8 
2  15 
2  23 
2  26 
2  29 


1.8 
6.0 
1.8 
2.2 
0.8 
7.5 
8.8 
6.5 
4.0 
6.0 
4.5 
7.5 
2.7 


8.1 
10.3 
11.4 
12.0 
13.2 
13.4 
13.7 
14.0 
14.4 
14.9 
15.2 
15.5 
15.5 


2  2  . 
S2H 
.  53 
.  43 
.  43 
.  43 
A 
A 
A 
A 


22.    0     AQUARII. 


H.P.  3796.    8.1 


a 
b 
c 
d 
e 
f 

g 
h 

i 

J 
k 

1 

m 


2  21 

4  0 

2  62 
4  10 
4  9 

3  6 
3  32 
3  64 

2  59 

3  12 
3  40 
2  59 
2  34 


10.1 

9.5 

2.0 

11.9 

8.4 

12.4 

1.0 

12.9 

8.1 

13.2 

6.9 

13.4 

7.7 

13.8 

6.0 

14.0 

2.5 

14.9 

3.2 

14.9 

5.5 

15.1 

7.7 

15.5 

7.5 

15.5 

.  A  . 

.1  1 
.  0  1 
.  00 
.  12 
A 
A 
A 
A 


24.    a  AgUARJl.    U.  P.  3899.    3.2 


a 
b 
c 
d 
e 
f 

g 


J 
k 


6  10 

3  21 

2  49 

3  45 

2  20 

3  6 
2  27 
2  9 
2  14 

2  40 

3  22 


2.9 
2.2 
5  9 
1.4 
2.8 
5.4 
4.1 
3.4 
4.9 
3.2 
6.2 


9.3 
12.5 
12.9 
13.0 
13.7 
14.2 
14.7 
15.1 
15.0 
15.0 
15.5 


.  A  . 

.  00 
.  00 
.  20 
A 
A 
A 
A 


24.    a  PEGA8I.    H.  P.  4080.        2.6 


a 
b 
c 
d 
e 
f 

g 

h 

1 

J 
k 


4  56 

2  32 

3  23 

1  54 
3  38 
3  20 

2  31 
2  18 

2  34 

3  30 
3  1 


5.0 
8.7 
9.3 
8.3 
9.3 
6.0 
3.8 
1.0 
2.0 
5.3 
5.7 


9.9 

.A. 

10.5 

.  A  . 

11.6 

.  10 

12.1 

.A. 

13.3 

.  1  1 

14.3 

.  .A 

14.6 

.  .  A 

15.2 

.  .A 

15.0 

•      •     • 

15.1 

•      •     • 

15.6 

•     •     • 

An  additional  series  of  standards  is  contained  in  Table  II.  This 
consists  of  stars  in  the  immediate  vicinity  of  the  North  pole. 
The  selection  is  that  recommended  in  a  circular  issued  by  the 
Harvard  Observatory  in  1879.  See  also  Astron.  Nach.,  XCV,  29, 
Nature,  XX,  14,  Astron.  Reg.,  XVII,  175.  These  stars  afford  a 
convenient  means  of  insuring  uniformity  of  scale  throughout  the 
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other  series.  They  are  also  always  above  the  horizon  and  at 
nearly  the  same  altitudes.  A  similar  series  of  stars  in  the  imme- 
diate vicinity  of  the  South  pole  is  much  to  be  desired  to  complete 
the  system.  The  first  column  of  Table  II  gives  a  designation  of 
the  stars.  The  first  eleven  are  denoted  by  the  DM.  numbers,  the 
remainder  by  the  letters  employed  in  the  circular  referred  to 
above.  The  approximate  right  ascensions  and  declinations  for 
1880  are  given  in  the  second  and  third  columns.  The  fourth  col- 
umn gives  the  approximate  magnitude  and  the  last  column  the 
residuals  from  six  series  of  measures  which  have  bee,n  made  of 
them.  In  this  column  P  denotes  the  results  obtained  with  the 
small  meridian  photometer  (H.  C.  Annals,  XIV,  p.  897)  ;  i,  pho- 
ometer  I  attached  to  the  large  telescope  with  the  aperture  reduced 


TABLE  II. 


Dcsig. 

a  1880. 

■ 

6  1880. 

Magn.                ] 

?  i  u  r 

88*      8 

b.       m. 

1    14 

88*    40' 

2.2 

&    •         •    • 

86°  209 

18    11 

86     37 

4.3 

&    •    •    •    • 

87*    51 

6    44 

87     14 

5.3 

^   •    •    •    • 

88°  112 

19    44 

88     57 

6.5 

&   •    •    •    • 

88°     4 

0    51 

88     23 

7.0                   4 

5   5  .  .  . 

88°     9 

2     3 

83     36 

8.6                    < 

7   6... 

89"     3 

2    28 

80     36 

9.2                    < 

n... 

89-    35 

17    50 

89     48 

9.8 

«L    •     •     • 

89°    37 

19    28 

89     54 

10.5 

.    3  Q  .   . 

89*      1 

0    19 

89     45 

10.5 

Jk.     .      m      • 

89*    20 

13    23 

89     49 

10.6 

Jk.     •      •      . 

a 

19    30 

89     54 

12.2 

•      •             Jk, 

b 

19    30 

89     55 

12.4 

.0025 

h 

22      0 

89     50 

12.8 

,.2.2 

k 

23    10 

89     53 

13.2 

,     .3  12 

d 

14      0 

89     57 

13.3 

,.110 

1 

0     0 

89     54 

14.0 

.  SO  1 

c 

18    30 

89     58 

14.0 

.  Ill 

© 

9    10 

89     58 

14.8 

.    .  033 

f 

3     4 

89     58 

14.8 

.  121 

g 

0    10 

89     57 

15.7 

,    .  23i 
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to  12.7  cm. ;  I,  the  same  with  the  full  aperture  of  88  cm. ;  J, 
similar  observations  with  photometer  J  (H.  C.  Annals,  XI,  p.  8)  ; 
I',  observations  I  repeated  in  August,  1885,  three  observers 
each  making  three  settings.  The  observations  i,  I  and  J  were 
made  in  1878  and  1879,  and  in  general  depend  on  five  settings 
on  each  of  ten  nights. 

Respectfully  submitted, 
Edward  C.  Pickering,  Cliairman. 
Lewis  Boss. 
S.  W.  Burnuam. 
Asaph  Hall. 
William  Harkness. 
Edward  S.  Holden. 
Simon  Newcomb. 
C.  H.  F.  Peters. 
Ormond  Stone. 
C.  A.  Young. 


APPENDIX  0.. 

Possibility  op  Errors  in  Scientific  Researches,  due  to 

Thought-Transference. 


If  the  theory  of  Richet  is  true,  an  important  error  may  enter  many 
scientific  researches  in  which  an  assistant  is  aware  of  facts  a  knowl- 
edge  of  which  the  observer  intentionally  avoids.  An  excellent  ex- 
ample occurs  in  the  revision  of  the  northern  stars,  contained  in  the 
Durchmusterung  of  Argelander,  which  has  been  undertaken  by  the 
Astronomische  Gesellschaft.  It  was  provided  that  the  otoervers, 
after  familiarizing  themselves  with  the  scale  of  magnitudes  of  the 
Durchmusterung,  should  estimate  the  brightness  of  each  star  observed; 
The  Durchmusterung  magnitude  was  then  read  aloud  by  the  recorder, 
to  enable  the  observer  to  continually  correct  his  estimates  of  the  scale 
of  magnitudes.  Let  M  represent  the  number  of  cases  in  which  the 
difference  between  the  estimated  and  catalogue  magnitudes  was  D. 
If  the  number  of  observations  is  large,  we  should  in  general  expect 
that  the  relation  between  N  and  D  would  be  represented  by  a  smooth 
curve.  If  no  errors  entered  but  those  due  to  accident,  this  would 
become  the  probability  curve.  On  the  other  hand,  if  any  thought- 
transference  occurs  between  the  recorder  and  observer,  we  should  ex- 
pect an  increase  in  the  value  of  N  when  D  is  zero ;  that  is,  of  cases 
in  which  the  magnitude  was  estimated  correctly.  It  is  accordingly 
only  necessary  to  count  the  values  of  N  corresponding  to  various 
values  of  D.  These  results  may  then  be  compared  with  that  given 
by  the  law  of  frequency  of  error;  or  a  curve  may  be  constructed 
with  the  various  values  of  N  and  D,  not  including  those  in  which  D 
equals  zero.  The  value  of  N,  when  D  is  zero,  is  now  derived  from 
the  curve  passing  through  the  other  points.  If  the  actual  value  of 
N,  when  D  is  zero,  in  general  exceeds  that  given  from  the  curve,  we 
may. infer  that  thought-transference  occurs,  unless  some  other  ex- 
planation can  be  found.  The  amount  of  material  available  for  this 
discussion  is  very  large.  The  number  of  stars  to  be  observed  ex- 
ceeds a  hundred  thousand,  each  of  which  is  measured  on  at  least  two 
nights.  More  than  a  dozen  observatories  participated  in  the  work ; 
so  that  the  test  may  be  applied  to  many  different  persons.  The  stars 
between  4~^^°  anc^  -H>5°  were  observed  at  the  Harvard  College 
36 
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Observatory.  A  count  has  been  made  of  the  residuals  in  0,  6,  12, 
and  18  hours  of  right  ascension.  This  furnishes  sufficient  material 
for  the  present  investigation,  although  only  about  one-sixth  of  the 
entire  work.  Similar  estimates  of  magnitude  were  also  made  in  con- 
nection with  ol>servations  with  the  meridian  photometer,  and  thus  the 
results  of  a  number  of  observers  and  recorders  could  be  tested.  The 
various  series  employed  are  compared  in  the  successive  lines  of  Table 
I.,  where  a  comparison  is  also  made  with  the  result  derived  from  the 
theory  of  probabilities,  assuming  that  no  error  enters  but  that  due  to 
accident.  The  successive  columns  give  a  number  for  reference,  the 
initial  of  the  observer  who  becomes  the  percipient  if  any  thought- 
transference  occurs,  and  the  recorder  or  agent.  The  letters  C,  E.,  M., 
P.,  R.,  and  W.  indicate  Messrs.  Cutler,  Eaton,  McCormack,  Picker- 
ing, Rogers,  and  Wendell  respectively.  When  the  results  of  various 
persons  are  combined,  they  are  indicated  by  V.  The  fourth  column 
gives  the  number  of  observations  contained  in  the  series ;  the  fifth, 
the  average  value  of  the  residual,  or  arithmetical  sum  of  all  the. 
residuals  divided  by  their  number.  The  sixth  column  gives  the  num- 
ber of  cases  in  which  the  residual  is  zero ;  and  the  seventh,  the  ratio 
of  these  numbers  to  the  numbers  in  the  fourth  column.  This  quan- 
tity is,  therefore,  the  observed  proportion  of  zeros.  From  the  aver- 
age deviation  we  may  compute  what  proportion  of  residuals  should  be 
zero  according  to  the  theory  of  probabilities.  The  average  deviation 
of  each  series  was  next  multiplied  by  .845,  which  gives  the  probable 
error  according  to  the  formula  of  Peters,  and  .05  was  divided  by  this 
quantity.  The  quotient  gives  the  fraction  of  the  probable  error  which 
an  error  must  not  exceed  to  give  a  residual  zero.  A  table  of  the 
frequency  of  error  then  gives  the  proportion  of  the  observations  whose 
error  should  fail  within  this  limit,  or  which  should  give  residuals  zero. 
These  computed  proportions  are  given  in  the  last  column  but  one  of 
Table  I.  The  last  column  is  found  by  subtracting  the  computed 
from  the  observed  proportion  of  cases  in  which  the  residual  is  zero. 
About  four- fifths  of  the  stars  are  estimated  in  the  Durchmusterung 
as  fainter  than  the  magnitude  7.9  ;  and  these  only  are  employed,  since 
the  brighter  stars  are  much  more  difficult  to  estimate.  In  line  7  all 
the  stars  are  included,  and  all  are  brighter  than  this  limit.  This  is 
probably  the  cause  of  the  larger  average  deviation. 

The  first  four  lines  of  the  table  give  the  results  of  the  observations 
of  Professor  Rogers,  in  0,  6,  12,  and  18  hours  of  right  ascension, 
respectively,  with  the  meridian  circle.  It  is  impossible  to  determine 
whether  the  conditions  in  this  case  were  favorable  to  thought-trans* 
ference,  as  Mr.  McCormack  is  not  now  living.     He  was  instructed  to 
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TABLE  I. 


Par. 

No.  of 

No   of 

Observed 

Computed 

No. 

dpient. 

Agent. 

Observa- 
tion*. 

A.D. 

Zeros. 

Propor- 
tions. 

Propor- 
tions. 

O-C 

1 

R. 

M. 

981 

.223 

191 

.195 

.143 

+.052 

2 

R. 

M. 

759 

.244 

129 

.170 

.129 

+.041 

3 

R. 

M. 

458 

.231 

92 

.201 

.135- 

+.066 

4 

R. 

M. 

930 

.233 

152 

.163 

.134 

+.029 

5 

P. 

E. 

514 

.240 

74 

.144 

.131 

+.013 

6 

P. 

E. 

540 

.200 

88 

.163 

.158 

+.005 

7 

P. 

E. 

492 

.332 

51 

.104 

.096 

+.008 

8 

P. 

C. 

513 

.226 

75 

.153 

.139: 

+.014 

0 

P. 

W. 

580 

.213 

108 

.186 

.147 

+.039 

10 

P. 

W. 

609 

.190 

97 

.159 

.167 

-.008 

11 

W. 

E. 

163 

.198 

30 

.184 

.160 

+.024 

12 

W. 

C. 

141 

.160 

30 

.238 

.192 

+.041 

13 

W. 

P. 

402 

.199 

82 

.204 

.159 

+.045 

14 

W. 

P. 

486 

.180 

100 

.206 

.177 

+.029 

15 

R. 

V. 

3,128 

.232 

564 

.180 

.135 

+.045 

16 

P. 

V. 

3,248 

.231 

493 

.152 

.136 

+.016 

17 

W. 

V. 

1,192 

.187 

242 

.203 

.170 

+.033 

18 

V. 

V. 

7,568 

.226 

1,299 

.172 

.139 

i 

+.033 

record  the  estimated  magnitude  before  calling  out  the  catalogue 
magnitude ;  and,  if  he  did  not  look  at  the  catalogue  magnitude  until 
then,  no  thought-transference  would  be  indicated.  Line  5  gives  the 
observations  made  in  series  1  to  100  with  the  meridian  photometer,  or 
between  Feb.  28,  1882,  and  Jan.  23, 1883.  The  observer  had  proba- 
bly not  as  yet  acquired  a  fixed  habit  of  estimating  the  magnitudes. 
Line  6  relates  to  series  101  to  400  between  the  dates  Jan.  23,  1883, 
and  Feb.  7,  1885.  Line  7  relates  to  similar  estimates  of  the  magni- 
tudes of  the  standard  stars  of  the  Uranometria  Argentina,  and  are 
the  only  estimates  not  relating  to  the  Durchmusterung  magnitudes. 
Line  9  contains  the  observations  contained  in  series  301  to  400,  be- 
tween July  25, 1884,  and  Feb.  7,  1885  ;  and  line  10,  those  from  series 
401  to  450,  between  Feb.  10,  1885,  and  April  25,  1885.  The  same 
distinction  applies  to  lines  12  and  13.  A  portion  of  the  last  five 
series  were  recorded  by  Professor  Searle,  but  not  enough  to  render 
a  subdivision  desirable.  Lines  15,  16,  and  17  give  the  results  of  all 
of  the  observations  by  the  three  percipients  respectively ;  and  line  18 
gives  the  results  of  all  combined. 

Table  II.  gives  the  details  of  the  count  of  the  number  of  residuals 
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of  various  magnitudes.  These  magnitudes  are  given  in  the  first 
column,  and  the  successive  columns  give  the  number  of  residuals 
in  the  first  fourteen  lines  of  Table  I.  When  the  residual  lb  larger 
than  one  magnitude,  it  is  indicated  by  an  L  in  the  first  column.  The 
numbers  at  the  top  of  the  columns  of  Table  II.  Lave  tlie  Bame  mean- 
ing as  those  in  the  first  column  of  Table  I. 
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Every  residual  in  the  last  column  of  Table  I.,  with  one  exception, 
is  positive.  The  actual  number  of  residuals  equal  to  zero  is,  then- 
fore,  in  excess  of  that  given  by  theory ;  and  this  effect  is  most 
marked  in  the  eases  of  Professor  Rogers  and  Mr.  Wendell.  It  would 
not  be  safe,  however,  to  infer  from  this  the  existence  of  any  thought 
transference  until  all  other  explanations  of  this  deviation  have  ben 
carefully  considered.  If  the  probable  error  is  diminished  in  any 
scries  of  observations,  the  theoretical  number  of  zero-raiduls  would 
be  increased.     But,  in  almost  every  series  of  observations,  the  nam* 
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ber  of  large  residuals  is  greater  than  that  given  by  theory,  on  account 
of  various  sources  of  large  errors.  Such,  in  the  present  case,  are 
variability  of  the  stars,  clouds,  error  in  identification  or  of  record. 
According  to  theory,  the  entire  number  of  residuals  exceeding  a  mag- 
nitude should  not  exceed  half  a  dozen,  or  one  tenth  part  of  its  actual 
amount.  On  the  other  hand,  the  estimated  magnitudes  differ  syste- 
matically from  those  of  the  catalogue,  as  is  shown  in  several  series 
by  the  difference  in  the  number  of  positive  and  negative  residuals. 
The  effect  of  this  would  be  to  diminish  the  theoretical  proportion  of 
zero  residuals.  Moreover,  if  thought-transference  really  exists,  the 
excess  of  zero- residuals  should  not  l>e  included  in  deducing  the  prob- 
able error.  The  latter  would  then  become  larger,  and  the  computed 
proportion  of  zero-residuals  would  be  diminished.  If  the  recorder 
should  enter  the  catalogue  magnitude  by  mistake  for  that  estimated, 
the  numl>er  of  zero- residuals  would  be  increased.  But,  with  the 
careful  recorders  employed,  it  can  hardly  Ikj  supposed  that  this  effect 
could  l>e  sensible. 

A  comparison  must  next  be  made,  of  the  number  of  zero-residuals 
with  those  of  other  magnitudes.  In  Table  III.,  the  first  column  gives 
the  magnitudes  of  the  residuals,  as  in  Table  II.  The  next  three 
columns  give  for  the  three  observers  the  proportion  of  residuals  of 
each  magnitude  which  constitute  series  15,  16,  and  17.  The  next 
three  columns  give  the  residuals  found  by  subtracting  from  these 
quantities  the  theoretical  proportions,  according  to  the  law  of  the 
frequency  of  error.  A  correction  is  first  applied  for  the  constant 
differences  in  the  estimated  scales  from  that  of  the  Durchmusterung. 
In  the  (rase  of  Professor  Kogers,  his  estimates,  on  the  average,  were 
too  faint  by  .02.  Mr.  Wendell's  estimates,  and  my  own,  were  too 
bright  by  .05  and  .07,  respectively. 

The  last  three  columns  show  that  the  agreement  with  the  proba- 
bility-curve is  all  that  can  be  desired,  except  for  the  residual's  zero. 
The  graphical  comparison  by  drawing  a  smooth  curve  through  the 
given  point  is  not  needed.  The  zero-residuals,  however,  show  a 
marked  result  of  observation  over  theory,  which  is  much  too  great  to 
Ik;  ascribed  to  accident,  at  least  in  the  case  of  Messrs.  Rogers  and 
Wendell. 

One  other  source  of  error  remains  to  Ik?  considered.  The  stars  in 
the  Durchmusterung  are  not  distributed  regularly,  according  to  mag- 
nitude. There  is  an  excess  of  those  in  which  the  tenth  of  a  magni- 
tude is  either  0  or  5,  and  a  deficit  for  1,  -4,  G,  and  9  tenths.  If  a 
similar  irregularity  occurred  in  the  scale  of  an  observer,  we  should 
expect  an  excess  of  residuals  0  and  5,  as  compared  with  the  other 
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TABLE  in. 


Residual. 

15. 

16. 

17. 

15. 

16. 

17. 

+L. 

0.002 

0.004 

0.001 

+0.002 

+0.004 

+0.001 

+  1.0 

0.001 

0.002 

0.000 

+0.001 

+0.002 

0.000 

+0.9 

0.002 

0.002 

0.001 

+0.001 

+0.001 

+0.001 

+0.8 

0.004 

0.005 

0.002 

+0.001 

+0.002 

+0.002 

+0.7 

0.007 

0.000 

0.001 

-0.001 

+0.001 

—0.001 

+0.0 

0.014 

0.007 

0.000 

-0.004 

—0.003 

+0.002 

+0.5 

0.033 

0.010 

0.011 

-0.003 

—0.004 

0.000 

+0.4 

0.044 

0.029 

0.022 

-0.014 

—0.000 

—0.005 

+0.3 

0.085 

0.052 

0.044 

-0.003 

—0.009 

—0.013 

+0.2 

0.124 

0.084 

0.080 

+0.011 

—0.000 

—0.010 

+0.1 

0.130 

0.114 

0.130 

0.000 

—0.002 

—0.008 

0.0 

0.181 

0.151 

0.205 

+0.045 

+0.019 

+0.040 

-0.1 

0.113 

0.140 

0.108 

-0.012 

+0.005 

+0.003 

-0.2 

0.094 

0.138 

0.131 

-0.010 

+0.015 

—0  007 

-0.3 

0.008 

0.090 

0.090 

—0.008 

—0.004 

—0.002 

-0.4 

0.030 

0.070 

0.044 

-0.012 

—0.001 

—0.014 

—0.5 

0.023 

0.030 

0.032 

-0.005 

—0.010 

+0.004 

-0.0 

0.010 

0.023 

0.011 

-0.004 

—0.004 

0.000 

-0.7 

0.008 

0.011 

0.037 

0.000 

-0.002 

+0.004 

-0.8 

0.004 

0.008 

0.004 

+0.001 

0.000 

+0.003. 

—0.9 

0.002 

0.002 

0.000 

+0.002 

+0.002 

0.000 

-1.0 

0.003 

0.003 

0.000 

+0.003 

+0.003 

0.000 

-L. 

0.012 

0.001 

0.004 

+0  012 

+0.001 

+0.004 

residuals.  Unfortunately,  the  only  means  of  determining  the  irregu- 
larity in  an  observer's  scale  is  by  counting  the  number  of  times  he 
has  employed  each  tenth  of  a  magnitude.  It  then  becomes  difficult 
to  decide  how  far  this  irregularity  is  caused  by  that  of  the  Durch- 
musterung.  A  discussion  of  the  magnitudes  7.5  to  9.2  shows,  that, 
in  the  Durchmusterung,  the  proportion  of  stars  having  the  tenth  of  a 
magnitude  0  or  5  is  .22,  instead  of  .10.  About  .05  are  in  each  class, 
differing  one- tenth  from  these,  or  having  the  tenths,  1,  4,  6,  and  9. 
About  .09  differ  two-tenths,  or  equal  2,  3,  7,  and  8,  each.  These 
proportions,  for  Professor  Rogers,  become  .16,  .07,  and  .10.  My 
early  estimates  were  mainly  made  in  half  magnitudes ;  and  in  line  5 
of  Table  I.  the  proportions  are,  accordingly,  .22,  .04-,  and  .10.  Later, 
my  scale  became  the  same  as  Mr.  Wendell's,  and  gave  the  propor- 
tions, .14,  .()«,  and  .K). 

This  source  of  error  will  lx»  eliminated  if  the  scale,  either  of  the 
catalogue  or  of  the  ol>server,  is   rendered   uniform,  however  great 
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the  irregularity  is  in  the  other.  Accordingly,  a  re-count  of  the  re- 
siduals was  made,  selecting  the  first  twenty-five  in  each  series  for 
which  the  Durchmusterung  magnitude  was  8.3  ;  and  an  equal  number 
for  each  of  the  magnitudes,  8.4,  8.5,  to  9.2.  This  count  was  made  for 
each  of  the  series  given  in  lines  1,  2,  3,  4,  13,  and  14.  Lines  11 
and  12  were  also  included  with  13.  It  did  not  seem  necessary  to  re- 
count my  own  estimates,  since  the  evidence  of  thought-transference 
is  here  very  slight.  The  results  of  this  count  are  given  in  Table  IV., 
which  has  a  form  similar  to  Table  III.  The  four  series  of  Professor 
Rogers  are  combined,  as  in  line  15  of  Table  I.  Occasionally  there 
were  not  a  sufficient  number  of  estimates  of  a  given  magnitude,  and 
in  these  cases  the  proportion  of  each  was  assumed  from  what  observa- 
tions were  actually  made. 

TABLE  IV. 


Residual. 

13. 

14. 

15. 

13. 

14. 

15. 

+L. 

0.000 

0.000 

0.015 

0.000 

0.000 

+0.015 

+10 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

+0.9 

0.000 

0.000 

0.000 

0.000 

0.000 

—0.001 

+0.8 

0.004 

0.000 

0.004 

+0.002 

—0.002 

+0.001 

+0.7 

0.004 

0.000 

0.005 

0.000 

—0.004 

0.000 

+0.6 

0.004 

0.034 

0.009 

—0.007 

+0.023 

—0.003 

+0.5 

0.002 

0.032 

0.022 

+0.037 

+0.005 

—0.002 

+0.4 

0.087 

0.012 

0.031) 

+0.030 

—0.045 

— 0.(X>4 

+0.3 

0.081 

0.004 

0.072 

—0.015 

-0.032 

+0.006 

+0.2 

0.133 

0.143 

0.005 

-O.005 

+0.005 

+0.003 

+0.1 

0  130 

0.212 

0.110 

— 0.035 

+0.047 

—0.008 

0.0 

0.176 

0.183 

0.145 

+0.011 

+0.018 

+0.012 

—0.1 

0.1O4 

0.140 

0.137 

—0.034 

+0.002 

+0.003 

—0.2 

0.092 

0.113 

0.115 

—0.006 

+0.015 

—0.003 

—0.3 

0.081 

0.027 

0.105 

+0.023 

—0.031 

+0.010 

—0.4 

0.028 

0.032 

0.058 

0.000 

+0.004 

—0.000 

—0.5 

0.000 

0.004 

0.036 

—0.011 

—0.007 

—0.007 

r-0.6 

0000 

0.004 

0.015 

—0.003 

+0.001 

—0.000 

-0.7 

0.000 

0.000 

0.009 

—0.001 

—0.001 

—0.004 

—0.8 

0.000 

0.000 

0.005 

0.000 

0.000 

—0.002 

—0.9 

0.004 

0.000 

0.002 

+0.004 

0.000 

+0.001 

—1.0 

0.000 

0.000 

0.001 

0.000 

0.000 

+0.001 

— L. 

0.000 

0.000 

0.001 

0.000 

0.000 

+0.001 

111  each  of  the  three  last  columns  of  Table  IV.  the  differences  cor- 
responding to  the  zero-residuals  are  greatly  diminished.     They  are 
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still  positive;  but  this  may  be  due  to  the  fact  that  the  reduction  is 
only  approximate,  and  the  number  of  observations  insufficient  to 
render  the  accidental  errors  very  small.  At  least,  the  differences, 
which  in  Table  III.  were  so  large  that  it  was  impossible  to  assign 
them  to  chance,  are  now  not  much  greater  than  the  other  quantities 
in  the  same  column,  and  do  not  require  any  special  cause  to  account 
for  them.  The  reality  of  this  small  positive  excess  is,  however,  con- 
firmed by  some  other  facts.  It  is  perceptible  in  line  7  of  Table  I., 
although  in  the  Uranometria  Argentina  there  is  no  perceptible  excess 
of  the  magnitudes  0  and  5  tenths.  If  due  to  the  irregularity  of  the 
scale,  it  should  be  more  marked  in  line  5  than  in  the  following  line. 
Finally,  it  is  difficult  to  understand  why  the  effect  appears  so  much 
more  marked  in  Mr.  Wendell's  observations  than  in  mine,  when  we 
were  l>oth  employing  the  same  scale.  All  these  deviations  are,  how- 
ever, so  small  that  much  weight  should  not  l)c  assigned  to  them. 

The  results  of  Tables  III.  and  IV.  are  represented  on  the  opposite 
page.  Horizontal  distances  indicate  the  magnitude  of  the  residuals, 
and  vertical  distances  the  corresponding  number  of  residuals  expressed 
as  a  fraction  of  the  whole  number  of  residuals.  The  smooth  curves 
indicate  theoretical  values,  the  broken  lines  the  results  of  observa- 
tion. Figs.  1,  2,  and  3  show  the  proportion  of  residuals  of  various 
magnitudes  corresponding  to  the  observations  of  Professor  Rogers, 
Mr.  Wendell,  and  myself.  They,  therefore,  show  the  results  of  the 
second,  fourth,  and  third  columns  of  Table  III.  The  pre|x>nderanee 
of  zero- residuals  is  well  shown,  in  Figs.  1  and  2,  by  the  projec- 
tion of  the  broken  lines  al>ovc  the  curves.  Fig.  4  represents  the 
corresponding  values  from  Professor  Rogers's  ol nervations,  after 
correction  for  the  inequality  in  the  scale  of  the  Durchinusterung. 
These  quantities  are  also  given  in  the  fourth  column  of  Table  IV. 
The  mean  of  the  second  and  third  columns  of  Table  IV.  are  shown 
in  Fig.  5.  It  gives  the  result  of  Mr.  Wendell's  observations  after 
correction  for  inequality  of  scale.  Figs.  £  and  5  show  how  greatly 
the  excess  of  zero- residuals  is  reduced  by  the  application  of  these 
corrections.  Figs.  6  and  7  show  the  differences  between  the  ol>served 
and  computed  proportion  of  residuals  in  Professor  Rogers's  observa- 
tions before  and  after  the  correction  for  inequality  of  scale.  Tbey 
represent  the  fifth  column  of  Table  III.,  and  the  last  column  of 
Table  IV. 

It  is  extremely  desirable  that  a  discussion  similar  to  this  may  be 
mad*1  at  the  other  observatories  taking  part  in  the  revision  of  the 
Durchmusterung.  The  apparent  absence  of  thought-transference  in 
the  observations  at  Cambridge  by  no  means  proves  that  it  may  not 
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exist  elsewhere.  The  time  required  to  apply  this  test  is  so  small  that 
it  is  to  be  hoped  that  the  opportunity  will  not  be  neglected,  to  search 
for  a  phenomenon,  which,  if  real,  would  exert  so  wide  an  influence  on 
human  affairs. 

E.  C.  PICKERING. 
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REPORT. 


To  the  President  of  thb  University: 

Sir,  —  By  the  death  of  Mr.  Robert  Treat  Paine  daring  the  past 
year  the  Observatory  of  Harvard  College  has  lost  one  of  the  oldest 
of  its  friends,  well  acquainted  with  the  theory  and  practice  of  several 
departments  of  astronomy,  and  always  deeply  interested  in  the  work 
of  this  institution.  He  was  an  assiduous  computer  and  observer  of 
astronomical  and  meteorological  phenomena,  and  a  member  of  the 
Visiting  Committee  of  the  Observatory  from  the  time  of  its  first  or- 
ganization, forty  years  ago.  He  has  perpetuated  his  services  to  his 
favorite  science  by  the  bequest  to  this  Observatory  of  his  entire  for- 
tune, amounting  to  more  than  a  quarter  of  a  million  of  dollars.  Upon 
the  settlement  of  the  estate,  one  half  of  this  sum  will  become  immedi- 
ately available. 

The  resignation  of  another  of  the  original  members  of  the  Visiting 
Committee,  Mr.  J.  Ingersoll  Bowditch,  is  a  matter  of  extreme  regret. 
His  services  to  the  Observatory  have  been  continuous,  and  without 
his  active  aid  and  advice  no  important  steps  have  been  taken  in  the 
extension  of  its  work,  which  has  frequently  been  rendered  possible 
onlj'  by  his  exertions. 

During  the  year  the  work  of  which  is  to  be  described  in  the  follow- 
ing paragraphs,  the  resources  of  the  Observatory  have  been  materially 
diminished,  owing  to  circumstances  stated  in  the  last  report.  It  was 
there  mentioned  that  no  means  were  available  for  retaining  the  ser- 
vices of  five  of  the  assistants  previously  employed.  But  the  salary 
of  one  of  these  assistants  for  another  year  was  soon  after  provided  by 
means  of  a  subscription  undertaken  by  some  of  his  colleagues,  who 
furnished  a  part  of  the  required  sum  from  their  own  scanty  means. 
Without  this  relief,  it  would  have  become  necessary  to  interrupt  the 
regular  use  of  the  large  telescope  in  order  to  continue  work  with  the 
meridian  instruments.  As  it  is,  the  reduction  in  the  amount  of  work 
carried  on  is  much  less  than  would  have  been  expected  ;  but  this  re- 
sult is  due  to  extraordinary  efforts  on  the  part  of  the  observers,  who 
have  performed  without  assistance  the  work  in  which  they  were  pre- 
viously aided  by  recorders.  This  has  required  an  increase  in  the 
time  spent  in  observation,  and  has  rendered  the  work  much  more 


laborious.  While  this  evidence  of  enthusiasm  and  devotion  to  science 
is  most  gratifying,  it  is  obvious  that  it  cannot  long  be  continued  with- 
out injurj*  to  health.  Indeed,  the  effects  of  over-fatigue  and  exposure 
during  the  long,  cold  nights  of  last  winter  were  manifest  in  more  than 

one  instance. 

East  Equatorial. 

Eclipses  of  Jupiter's  Satellites.  —  Photometric  observations  of  these 
eclipses  have  been  continued  upon  the  system  adopted  in  J  878.  In 
all,  three  hundred  and  nineteen  eclipses  have  now  been  observed, 
thirty-five  since  the  end  of  October,  1884.  The  original  plan  contem- 
plated the  prosecution  of  the  work  through  an  entire  revolution  of 
Jupiter  around  the  Sun,  more  than  half  of  which  has  already  been 
completed.  The  importance  and  extent  of  this  work  has  made  it 
advisable  to  delay  the  adoption  of  a  definite  plan  of  reduction  until  a 
sufficient  amount  of  experience  had  been  gained ;  but  there  is  now  no 
reason  to  defer  the  consideration  of  this  subject. 

Revision  of  Zone  Observations.  —  The  reduction  of  the  observations 
of  the  stars  between  the  declinations  +  0°  50'  and  + 1°  0f  has  been 
carried  on.  To  determine  the  scale  of  the  wedge  photometer  em- 
ployed in  the  work,  the  constants  of  the  instrument  have  been  photo- 
metrically examined,  and  the  initial  point  of  the  scale  for  each  evening 
of  observation  has  been  determined  by  means  of  the  stars  in  each 
series  which  also  occur  in  the  working  list  of  the  meridian  photometer. 
In  the  entire  zone  there  are  about  three  hundred  such  stars,  all  of 
which  have  now  been  measured  with  the  meridian  photometer.  The 
magnitudes  of  the  fainter  stars  observed  in  the  zone  with  the  wedge 
photometer  have  been  recomputed  by  the  aid  of  these  data.  The 
work  of  the  wedge  has  thus  been  made  homogeneous  with  that  of  the 
meridian  photometer. 

Revision  of  DM.  Magnitudes.  —  The  observations  of  DM.  stars 
between  the  declinations  +  49°  50'  and  +  50°  0',  which  were  began 
with  the  wedge  photometer  during  the  previous  year,  have  been  com- 
pleted, as  well  as  a  similar  series  between  -+-54°  50r  and  55°  0r.  The 
resulting  magnitudes  have  been  computed,  as  in  the  case  of  the  zone 
between  +  0°  50'  and  ■+•  1°  0',  by  means  of  the  stars  occurring  in 
these  zones  which  are  also  under  observation  with  the  meridian  photo- 
meter. It  is  desirable  that  similar  observations  should  be  made  in 
other  zones  at  intervals  of  10°.  This  would  extend  the  scale  of  the 
meridian  photometer  about  one  magnitude,  and  would  furnish  means 
for  determining  the  scale  of  the  Durchmusterung  between  the  magni- 
tudes 9.0  and  9.5. 

The  extensive  use  thus  made  of  the  wedge  photometer  seems  to 
show  that  the  instrument  used  here  is  not  capable  of  the  great  degree 


of  precision  which  is  claimed  for  that  employed  by  Professor  Pritchard. 
To  determine  whether  this  difference  is  due  to  the  form  of  the  instru- 
ment, Professor  Pritchard  was  requested  and  has  kindly  consented  to 
superintend  the  construction  for  this  Observatory  of  a  wedge  photo- 
meter made  upon  his  plan. 

Standards  of  Stellar  Magnitudes,  —  The  photometric  observations 
of  faint  stars  selected  as  standards  of  magnitude  in  twenty-four 
regions  following  bright  stars,  and  mentioned  in  previous  reports, 
have  been  provisionally  completed.  A  few  of  these  stars  were  bright 
enough  to  be  observed  with  the  meridian  photometer ;  but  most  of 
them  were  observed  with  the  East  Equatorial,  with  the  aid  of  the 
wedge  photometer  or  of  Photometer  I.  The  results  have  been  pub- 
lished in  the  report  to  the  American  Association  for  the  Advance- 
ment of  Science  by  the  committee  in  charge  of  the  subject  of  stellar 
magnitudes. 

Comparison  Stars  for  Variables.  —  Another  extensive  investigation 
begun  with  the  wedge  photometer  is  the  determination  of  the  magni- 
tudes of  stars  which  have  been  used  as  standards  of  comparison  for 
variable  stars.  Besides  the  stars  of  this  class  named  in  published 
works,  many  others,  employed  in  observations  not  yet  published, 
have  been  added  to  the  list.  Observers  of  variable  stars  are  re- 
quested to  communicate  to  this  Observatory  the  comparison  stars 
emplo3red  by  them,  and  not  identical  with  those  contained  in  pub- 
lished lists.  When  these  comparison  stars  are  sufficiently  bright, 
they  are  measured  by  the  meridian  photometer.  Their  magnitudes, 
thus  determined,  serve  as  a  basis  for  the  measurement  of  the  fainter 
stars  by  the  wedge.  Two  observations  of  each  star  not  determined 
by  the  meridian  photometer,  and  of  a  sufficient  number  of  the  others, 
are  made  with  the  wedge  on  each  evening  when  the  region  occupied 
by  the  comparison  stars  of  any  particular  variable  is  observed.  Two 
complete  observations  of  this  kind,  made  on  different  evenings,  are 
regarded  as  sufficient ;  but  when  moonlight  or  other  causes  render  the 
work  of  either  evening  imperfect,  it  is  repeated  on  a  third  evening. 
Some  incidental  attention  is  also  paid,  during  this  work,  to  enlarging 
the  lists  of  comparison  stars  when  they  can  thus  be  better  adapted  for 
future  use. 

Temporary  Star  in  the  Nebula  of  Andromeda.  —  This  remarkable 
object,  as  well  as  a  series  of  comparison  stars  selected  for  it,  was  re- 
peatedly observed  with  the  wedge  photometer  immediately  after  the 
announcement  of  its  discovery.  It  is  still  occasionally  observed. 
It  is  proposed  to  determine  photometrically  the  brightness  of  the 
stars  with  which  it  has  been  compared  by  observers  at  other  stations, 
so  far  as  these  are  made  known. 


Comets.  —  These  objects  have  occasionally  been  observed  as  in 
former  years,  chiefly  by  Mr.  Wendell.  The  observations  have  been 
confined  to  special  times  when  they  would  be  of  most  immediate 
value.  Comet  1884  III.  (Wolf)  was  observed  on  one  night;  two 
others,  discovered  by  Barnard  and  by  Brooks,  were  respectively 
observed  on  seven  and  on  four  nights. 

Spectra  and  Color  of  Stars.  —  The  observations  upon  the  spectra 
and  color  of  stars  have  been  completed  upon  the  restricted  plan  in- 
dicated in  the  last  report,  but  are  not  as  yet  reduced.  It  is  probable 
that  photography  will  soon  afford  a  more  satisfactory  solution  of  this 
problem.  The  work  of  the  East  Equatorial  in  this  respect,  and  also 
in  some  others,  has  been  considerably  diminished  during  the  year  by 
the  frequent  employment  of  the  observers  in  recording  the  observa- 
tions made  with  the  meridian  photometer,  since  the  diminished  re- 
sources of  the  Observatory  did  not  permit  the  engagement  of  special 
assistance  in  the  work  of  recording. 

Meridian  Circle. 

The  work  done  with  this  instrument  during  the  year  has  been  more 
varied  in  character  than  usual,  while  its  amount  has  been  somewhat 
diminished  by  the  financial  necessity  of  dispensing  with  an  assistant 
to  the  principal  observer.  A  considerable  portion  of  the  year  has 
been  occupied  with  the  investigation  of  the  errors  of  the  East  Circle 
of  the  instrument.  This  work  is  now  completed.  The  spaces  of  30°, 
15°,  5°,  1°,  have  been  independently  investigated ;  the  labor  thus 
performed  is  equivalent  to  that  of  reading  a  single  microscope  about 
forty  thousand  times. 

In  order  to  perfect  the  revision  of  the  zone  between  +50°  and 
+  55°,  some  additional  observations  were  found  to  be  desirable, 
when  the  reduction  of  the  preliminary  revision,  finished  in  August, 
1884,  had  been  completed.  The  doubts  remaining  to  be  settled 
chiefly  related  to  possible  errors  of  an  entire  minute  in  the  circle 
readings,  and  to  unusually  large  discrepancies  between  the  positions 
here  obtained  and  those  given  in  the  Durchmusterung.  The  new 
revision  was  begun  January  8,  1885,  and  will  be  completed  with  six 
more  nights  ol  observation.  Each  star  concerning  which  any  doubt 
existed  has  ordinarily  been  twice  observed.  The  whole  number  of 
observations  is  937. 

The  observation  of  a  polar  catalogue  was  begun  April  30,  1885. 
The  working  list  includes  80  fundamental  stars  and  153  others.  For 
the  present  year,  the  plan  of  the  work  requires  two  observations  of 
each  star  at  each  culmination.  The  number  of  observations  hitherto 
made  is  384. 


A  series  of  275  observations  was  carried  on  simultaneously  with 
corresponding  observations  made  with  the  almucantar,  in  order  to 
compare  the  results  given  by  the  two  instruments,  and  to  test  the 
precision  of  the  Clark  level  attached  to  the  meridian  circle. 

Observations  of  particular  stars  have  also  been  made  at  the  request 
of  Dr.  Auwers,  Dr.  Elkin,  and  Professor  Holden.  These  obser- 
vations are  respectively  173,  24,  and  12  in  number.  The  first  two 
series  will  furnish  material  for  the  determination  of  heliometer  con- 
stants, and  the  last  for  the  reduction  of  latitude  observations. 

The  total  number  of  observations  with  the  meridian  circle  is  accord- 
ingly 2808,  including  1003  observations  of  fundamental  stars  em- 
ployed in  the  revision  of  the  zone  and  in  the  polar  catalogue. 

The  reduction  of  the  first  revision  of  the  zone  observations  is 
complete.  The  observations  of  fundamental  stars  made  up  to  last 
October,  during  the  second  revision,  are  also  reduced.  The  reduc- 
tion of  the  miscellaneous  observations  is  finished,  with  the  exception 
of  a  few  of  those  made  at  the  request  of  Dr.  Auwers. 

The  report  of  the  longitude  operations  between  Cambridge  and 
Montreal  in  the  summer  of  1883  has  been  completed.  It  will  appear, 
in  connection  with  the  report  of  Professor  McLeod,  in  the  forth- 
coming volume  of  the  Proceedings  of  the  Royal  Society  of  Canada. 

Meridian  Photometer. 

The  number  of  series  of  observations  made  during  the  year  by  Mr. 
Wendell  and  myself  is  202,  an  increase  of  61  over  those  of  the  pre- 
vious year ;  and  the  number  of  separate  settings  somewhat  exceeds 
50,000,  against  27,500  for  the  previous  year.  The  accordance  of  the 
results  continues  satisfactory.  The  average  deviation  of  the  separate 
measures  of  the  standard  circum polar  stars,  expressed  in  magnitude, 
is  0.12.  Although  this  exceeds  the  corresponding  result  for  the 
previous  year  by  only  a  single  hundredth  of  a  magnitude,  the  differ- 
ence may  not  be  purely  accidental,  but  have  its  cause  in  the  vari- 
ability of  one  or  more  of  the  standard  stars. 

The  list  of  objects  to  be  observed  with  the  meridian  photometer 
has  been  somewhat  extended.  The  stars  first  selected  from  the 
Durchmusterung  for  observation  were  those  the  magnitude  of  which 
had  been  estimated  at  each  of  two  observatories  during  the  zone 
observations  carried  on  during  recent  years  under  the  general  direc- 
tion of  the  Astronomische  Gesellschaft.  To  increase  the  regularity 
of  distribution  of  the  stars  observed,  other  zones  of  20'  in  width 
were  added,  so  that  the  entire  series  includes  zones  at  intervals  of 
five  degrees  from  the  equator  to  the  pole.  The  middle  of  each  zone 
is  defined  by  the  parallel  of  declination  at  0°,  +  5°,  -|-  10°,  etc. 
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This  system  ensured  a  regular  distribution  of  the  stars  to  be  ob- 
served, and  supplied  a  sufficient  number  of  stars  of  the  eighth  and 
ninth  magnitude*,  to  be  employed  in  the  determination  of  the  various 
scales  of  magnitude  in  use.  The  number  of  stars  between  the  sixth 
and  eighth  magnitudes,  however,  hardly  seemed  large  enough  for  this 
purpose.  To  supply  the  deficiency,  the  zones  were  extended  to  a 
width  of  60'  for  for  stars  of  the  magnitudes  7.0  to  7.9  inclusive,  and 
to  a  width  of  120'  for  those  of  the  magnitudes  6.1  to  6.9  inclusive. 
The  magnitudes  of  the  stars  brighter  than  these  have  already  been 
published  in  Volume  XIV.  of  the  Observatory  Annals. 

The  miscellaneous  work  with  the  meridian  photometer,  mentioned 
in  the  last  report,  has  been  continued.  Two  special  features  of  this 
work  have  already  been  mentioned  in  connection  with  the  observa- 
tions made  with  the  wedge  photometer. 

Almucantar. 

Mr.  Chandler  has  continued  his  observations  with  this  instrument, 
which  in  his  hands  has  exhibited  a  surprising  efficiency  and  accu- 
racy, fully  confirming  the  anticipations  expressed  in  the  last  report 
The  work  of  observing  was  suspended  after  July  1 ,  to  allow  time  for 
the  reduction  of  the  previous  observations,  the  number  of  which  be- 
tween November  1,  1884,  and  July  1,  1885,  was  approximately  one 
thousand.  The  following  subjects  have  been  investigated :  right 
ascensions  of  circumpolar  stars ;  declinations  of  stars  near  the  equa- 
tor ;  the  latitude  of  this  Observatory ;  effects  of  personal  equation  at 
different  declinations,  obtained  by  observers  with  the  meridian  circle 
and  with  the  almucantar.  The  positions  obtained  by  means  of  the 
almucantar  have  such  a  precision  as  to  have  already  led  to  the  de- 
tection of  errors  in  the  accepted  places  of  several  important  stars 
occurring  in  fundamental  catalogues,  and  generally  regarded  as 
accurate^  determined. 

Miscellaneous. 

Variable  Stars.  —  Messrs.  Parkhurst,  Eadie,  Hagen,  and  Zaiser, 
have  continued  their  valuable  cooperation  with  this  Observatory 
throughout  the  year.  The  large  and  rapidly  increasing  number  of 
observations  of  variable  stars  secured  by  these  gentlemen  will  form 
a  highly  important  source  of  information  with  regard  to  such  objects. 
Steps  have  been  taken  to  provide  for  the  reduction  of  these  observa- 
tions, which  will  require  however  the  photometric  determination  of 
the  brightness  of  the  compaiison  stars  before  much  progress  in  it  can 
be  made. 

The  request  to  astronomers  made  last  year  in  the  pamphlet  "  Recent 
Observations  of  Variable  Stars  "  was  kindly  complied  with  by  the 


principal  observers  of  variable  stars  in  Europe  and  America.  Their 
names,  together  with  a  summary  of  their  work,  are  given  in  the 
pamphlet  "  Observations  of  Variable  Stars  in  1884,"  which  was 
published  by  this  Observatory  early  in  1885. 

Stellar  Photography.  —  By  the  aid  of  the  Bache  Fund  an  important 
investigation  has  been  undertaken  in  stellar  photography.  A  Voigt- 
lander  portrait  lens  of  8  inches  aperture  and  44  inches  focus  has  been 
reground  and  mounted  equatorial ly  by  Messrs.  Alvan  Clark  &  Sons. 
It  is  driven  by  clockwork,  having  a  Bond  spring  governor  controlled 
electrically  by  a  sidereal  clock  substantially  mounted  in  the  clock- 
room  of  the  Observatory.  A  wide  field  of  work  is  opened  with  this 
instrument.  Many  photographs  have  been  taken  of  the  trails  left  by 
a  star  when  the  telescope  is  not  driven  by  clockwork.  An  equatorial 
star  will  leave  its  mark  in  this  way  when  no  brighter  than  the  sixth 
magnitude.  Much  fainter  polar  stars  will  leave  an  impression,  since 
their  motion  is  slow.  Stars  as  faint  as  the  fourteenth  magnitude 
have  thus  been  photographed  without  clockwork.  The  positions  of 
faint  polar  stars  may  be  determined  with  great  accuracy  from  their 
trails,  which  are  very  well  defined  and  minute.  They  also  appear  to 
afford  an  excellent  measure  of  stellar  brightness.  Attempts  have 
also  been  made  to  prepare  star-charts  by  photography.  Regions  5° 
square  will  bear  an  enlargement  of  three  times,  and  by  photolitho- 
graphy will  furnish  charts  of  the  dimensions  and  scale  of  those  of 
Peters  and  Chacornac.  The  most  striking  results  have  been  obtained 
with  stellar  spectra.  Replacing  the  slit  spectroscope  by  a  large  prism 
placed  in  front  of  the  lens,  photographs  have  been  obtained  of  stars 
as  faint  as  the  eighth  magnitude  in  which  lines  are  shown  with  suffi- 
cient distinctness  to  be  clearly  seen  in  a  paper  positive.  As  all  the 
stars  in  a  large  region  are  thus  photographed,  more  than  a  hundred 
spectra  have  been  obtained  on  a  single  plate.  Mr.  William  H.  Pick- 
ering has  rendered  important  aid  in  this  investigation,  especially  in 
the  photographic  process.  A  portion  of  Mr.  Pickering's  investigation 
on  the  possibility  of  photographing  the  solar  corona  without  the  aid 
of  an  eclipse  was  also  conducted  here.  The  conclusion  thus  reached 
was  that,  unless  the  effect  of  the  air  could  be  reduced  three  hundred 
times,  no  satisfactory  results  could  be  obtained  with  our  present 
means.  The  details  of  this  investigation  will  be  found  in  Science  VI., 
362,  387. 

Time  Signals.  —  The  time  service  of  the  Observatory  has  not  fully 
succeeded  at  all  times  during  the  year  in  maintaining  the  high  stand- 
ard of  former  years.  Inevitable  interruptions  and  delays  have  oc- 
curred from  various  causes,  among  which  may  be  specially  mentioned 
the  want  of  a  duplicate  mean  time  clock  and  the  increasing  number 


10 

of  telephone  and  telegraph  wires  used  in  Boston,  with  its  natural 
consequence  of  frequent  interference  with  wires  previously  in  use. 
By  persevering  exertion,  however,  a  satisfactory  system  for  transmit- 
ting the  signals  has  now  been  established.  Much  delay  also  occurred 
in  making  the  arrangements  necessary  for  the  new  time-ball,  which 
was  not  brought  into  operation  until  October  1,  since  which  time  it 
has  been  regularly  dropped.  It  is  made  upon  the  plan  adopted  by 
the  United  States  Government  offices,  and  its  cost  has  been  largely 
provided  for  by  an  appropriation  made  by  the  city  government  of 
Boston. 

The  list  of  subscribers  to  the  time  signals  remains  nearly  the  same 
as  that  given  in  the  last  report,  the  most  important  accession  being 
that  of  the  Boston  and  Lowell  Railroad. 

Telegraphic  Announcements.  —  The  telegraphic  distribution  of  im- 
portant astronomical  discoveries  or  data  has  been  continued  during 
the  year  under  the  management  of  Mr.  Ritchie,  as  before.  Announce- 
ments have  been  made  of  the  discovery  of  nine  asteroids,  five  comets 
or  suspected  comets,  and  one  new  star.  There  have  been  sent  to 
Europe  or  received  therefrom  twenty  cable  messages,  and  the  number 
of  telegrams  sent  in  this  country  was  two  hundred  and  seventy.  The 
Associated  Press  has  been  regularly  notified  of  the  facts  thus  dis- 
tributed, and  the  information  has  been  widely  spread  by  means  of  the 
newspapers. 

Height  and  Velocity  of  Clouds.  —  This  subject  has  been  studied  dur- 
ing the  year  by  Professor  W.  M.  Davis,  assisted  by  Mr.  A.  McAdie, 
who  stationed  themselves  respectively  on  the  east  balcony  of  the  Ob- 
servatory and  at  the  Jefferson  Physical  Laboratory.  These  stations 
were  connected  by  telephone,  and  the  observers  were  thus  enabled  to 
decide  upon  suitable  portions  of  clouds  for  simultaneous  observation 
with  wooden  altazimuth  instruments.  About  three  hundred  pairs  of 
measures  were  made  in  the  spring  of  1885  with  generally  satisfactory 
results.  The  altitudes  determined  varied  from  2000  to  25,000  feet ; 
for  altitudes  less  than  8000  feet  the  variation  between  the  measures 
was  generally  within  five  per  cent  of  the  height.  In  one  instance, 
consecutive  observations  of  a  single  cumulus  cloud  showed  its  base 
to  be  4500  feet  high ;  its  summit  rose  from  the  height  of  6750  to  that 
of  7300  feet  at  the  rate  of  200  feet  a  minute,  while  the  cloud  drifted 
to  S.  43°  £.  at  the  rate  of  27J  miles  an  hour. 

Additional  Researches.  —  Several  investigations  have  been  carried 
on  by  the  aid  of  the  Rumford  Fund.  They  include  the  determination 
of  the  amount  of  light  reflected  specularly  and  diffusely  by  various 
substances  at  different  angles ;  the  absorption  of  the  wedge  of  shade 
glass  used  as  a  photometer  for  the  large  equatorial ;  the  opacity  of  a 
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series  of  photographic  images  employed  as  standards  by  Mr.  W.  H. 
Pickering  in  his  photographic  researches.  The  atmospheric  refraction 
at  large  zenith  distances  was  determined  by  several  series  of  observa- 
tions of  the  Sun  and  of  a  Bootis  when  setting.  Various  measures 
were  also  made  of  the  amount  of  the  atmospheric  polarization. 

During  the  summer  over  a  thousand  vertical  angles  were  measured 
from  the  summits  of  Mt.  Moosilauk  and  of  Mt.  Mansfield  to  deter- 
mine the  heights  of  the  mountains  of  New  Hampshire  and  Vermont 
by  the  method  of  geodetic  levelling. 

For  three  quarters  of  an  hour  after  the  explosion  of  Flood  Rock 
was  expected  to  take  place,  Professor  Rogers  watched  a  mercury 
surface  with  a  microscope  to  detect  the  effect  of  the  earthquake  wave. 
Disturbances  occurred  beginning  3m  14s  after  the  explosion  and  last- 
ing nearly  three  minutes,  which  were  apparently  due  to  this  cause. 
Various  experiments  were  afterwards  made  to  show  that  no  local  dis- 
turbance could  have  produced  the  same  effect.  This  appears  to  be 
far  the  greatest  distance  to  which  the  effects  of  an  artificial  explosion 
have  been  traced. 

Exhibition  of  Instruments.  —  To  permit  the  examination  by  the 
public  of  apparatus  which  would  not  generally  be  readily  accessible, 
several  instruments  not  required  for  immediate  use  were  sent  to  the 
exhibition  of  the  Massachusetts  Charitable  Mechanics'  Association. 
Gold  medals  were  awarded  to  two  of  these  instruments,  the  meridian 
photometer  and  the  almucantar. 

Publications. 

The  principal  publications  of  the  year  were  Volume  XIV.,  Part  II. 
of  the  Observatory  Annals,  and  the  Catalogue  of  1213  Stars  which 
will  form  a  part  of  Volume  XV.  The  second  part  of  Volume  XIV. 
contains  a  discussion  of  observations  by  ancient  and  modern  observ- 
ers to  determine  stellar  magnitudes,  with  an  explanation  of  the 
methods  by  which  the  final  results  of  these  observations  as  given  in 
Part  I.  of  the  same  volume  were  ascertained.  It  also  investigates 
various  sources  of  error  likely  to  affect  the  determination  of  the 
brightness  of  stars,  and  compares  the  general  result  reached  with  the 
meridian  photometer  and  those  obtained  by  other  means. 

The  Catalogue  of  1213  Stars,  prepared  by  Professor  Rogers, 
contains  the  results  of  observations  which  he  carried  on  with  the 
meridian  circle  from  1870  to  1879.  The  catalogue  contains  accurate 
places  of  many  stars  which,  although  moderately  bright,  had  pre- 
viously been  only  imperfectly  observed;  and  also  furnishes  means 
for  the  more  precise  determination  of  the  places  of  numerous  fun- 
damental 8  tar  s. 
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The  publications  named  below  have  appeared  either  as  official  com- 
munications  from  the  Observatory  or  as  papers  prepared  by  its  officers 
individually :  — 

Thirty-ninth  Annual  Report  of  the  Astronomical  Observatory  of  Harvard 
College. 

Observations  of  Variable  Stars  in  1884.  By  Edward  C.  Pickering.  Proc. 
Am.  Acad,  of  Arts  and  Sciences,  xx.  393. 

A  Photographic  Study  of  the  Nebula  of  Orion.  By  Edward  C.  Pickering. 
Id.  xx.  407. 

Third  Report  of  the  Committee  on  Standards  of  Stellar  Magnitude.  Ed- 
ward C.  Pickering,  Chairman.  Proc.  Am.  Assoc,  for  the  Advancement  of 
Science,  1885,  p.  1. 

Photometric  Observations  of  Neptune  at  the  Harvard  College  Observa- 
tory.   By  Edward  C.  Pickering.     The  Observatory,  viii.  111. 

Photometric  Observations  of  Ceres  (1),  Pallas  (2),  and  Vesta  (4)  at  the 
Harvard  College  Observatory.    By  Edward  C.  Pickering.    Id.  viii.  238. 
*  On  a  hitherto  unexplained  observation  by  Capt.  Gilliss.    By  S.  C.  Chand- 
ler, Jr.     Sidereal  Messenger,  iii.  815. 

Photometric  Measurements  at  the  Harvard  College  Observatory  of  the 
Faintest  Stars  in  the  Charts  constructed  by  Palisa.  By  Edward  C.  Picker- 
ing.    Id.  iv.  133. 

Possibility  of  Errors  in  Scientific  Research  due  to  Thought  Transference. 
By  Edward  C.  Pickering.    Amer.  Soc.  Psychical  Research,  i.  235. 

Elements  of  Comet  1884  (Wolf) .  By  S.  C.  Chandler,  Jr.  Astronomische 
Nachrichten,  ex.  143. 

Orbits  of  Meteors.     By  O.  C.  Wendell.    Id.  cxi.  189. 

Dr.  Gould's  Star  in  Sculptor.    By  S.  C.  Chandler,  Jr.     Id.  cxi.  333. 

On  the  Latitude  of  Harvard  College  Observatory.  By  S.  C.  Chandler,  Jr. 
Id.  cxii.  113. 

Comet-Meteor  Radiants.    By  O.  C.  Wendell.     Id.  cxii.  321. 

On  the  Right  Ascensions  of  certain  Fundamental  Stars.  By  S.  C.  Chand- 
ler, Jr.    Id.  cxii.  381,  cxiii.  17. 

On  the  determination  of  the  absolute  length  of  eight  Rowland  Gratings. 
By  W.  A.  Rogers.    Proc.  Am.  Micros.  Soc.  for  1885,  p.  151. 

The  Microscope  in  the  Workshop.  By  W.  A.  Rogers.  Proc.  Soc.  of 
Mechanical  Engineers,  Boston  meeting,  1885,  p.  1. 

An  Examination  of  the  Standards  of  Length  constructed  by  the  Society 
Genevoise.    By  W.  A.  Rogers.    Proc.  Am.  Acad.,  xx.  379. 

A  Preliminary  Examination  of  Metal  Thermometers.  By  W.  A.  Rogers. 
Am.  Meteor.  Journal,  October,  1885,  p.  252. 

Description  of  a  series  of  fifty  Slides,  illustrating  the  action  of  a  diamond 
in  ruling  upon  glass,  presented  to  the  Royal  Microscopical  Society  of  Lon- 
don.   By  W.  A.  Rogers.    Journal  R.  Micros.  Soc.,  October,  1885. 

On  a  new  form  of  Section-Cutter.  By  W.  A.  Rogers.  Proc.  Am.  Soc. 
Microscopists,  1885,  p.  191. 

Additional  Observations  confirming  the  Relation :  Metre  des  Archives  = 
Imperial  yard  +  3.37027  inches.  By  W.  A.  Rogers.  Proc.  Assoc,  for  the 
Advancement  of  Science,  1884,  p.  117. 
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To  avoid  the  diminution  of  astronomical  work,  many  desirable  im- 
provements in  the  general  condition  of  the  Observatory  have  been 
postponed.  They  will  be  undertaken  whenever  the  financial  condition 
of  the  institution  will  permit  this  to  be  done.  Among  them  may  be 
mentioned  new  facilities  for  the  use  of  the  large  telescope,  including 
probably  the  entire  remounting  of  the  instrument ;  the  arrangement 
of  books  in  the  library,  the  binding  of  many  valuable  works,  the  pro- 
vision of  new  shelving,  and  the  completion  of  the  card  catalogue ; 
the  improvement  of  the  drainage  of  the  building  and  grounds  and 
the  protection  of  the  woodwork  by  painting.  A  still  more  pressing 
need  than  any  of  these  is  the  publication  of  material  nearly  ready  for 
the  press,  which  would  occupy  several  volumes  and  is  now  exposed 
to  the  risk  of  destruction  by  accident.  It  is  to  be  hoped  that  this 
want,  at  least,  may  be  soon  supplied. 

EDWARD  C.  PICKERING,  Director. 
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THE 


EXTENSION  OF  ASTRONOMICAL  RESEARCH. 


No  science  has  been  more  liberally  supported  than  Astronomy 
during  the  last  two  or  three  centuries.  Many  millions  of  dollars 
have  been  expended  upon  it ;  but,  on  the  other  hand,  results  have 
been  obtained  whose  value  it  is  .impossible  to  estimate.  Apart 
from  the  knowledge  it  has  given  us  of  other  worlds  and  of  the 
laws  governing  the  universe,  it  has  furnished  us  with  informar 
tion  regarding  this  world  which  has  been  of  enormous  practical 
importance.  It  has  secured  safe  and  certain  communication  be- 
tween distant  countries,  accurate  maps,  and  the  precise  determi- 
nation of  time.  The  pecuniary  value  of  these  results  would  many 
times  repay  the  total  expenditure  made  for  astronomical  pur- 
poses. Nevertheless,  in  certain  cases  large  sums  of  money  have 
been  expended  with  little  or  no  useful  return.  Striking  instances 
may  be  mentioned  of  observatories  without  proper  instruments, 
large  telescopes  idle  for  want  of  observers,  and  able  astronomers 
unprovided  with  means  of  doing  useful  work.  It  is  the  object 
of  the  present  pafnphlet  to  show  how  this  waste  of  resources  may 
be  in  part  remedied,  and  how  money  may  be  most  advantageously 
employed  for  the  extension  of  astronomical  knowledge. 

The  establishment  at  a  university  or  college  of  a  new  observa- 
tory, or  the  gift  of  a  large  telescope,  is  not  in  general  an  aid  to 
astronomical  progress.  To  do  useful  work  such  a  gift  must  be 
accompanied  by  a  far  larger  donation  to  provide  for  the  neces- 
sary current  expenses.  But  few  of  the  existing  observatories  are 
really  active,  and  at  most  of  the  active  observatories  the  value 
of  the  buildings  and  instruments  represents  but  a  small  portion 
of  the  total  sum  devoted  to  astronomical  purposes.  The  current 
expenses  during  a  single  year  at  some  of  the  most  successful 


observatories  equal  the  entire  value  of  the  instruments  employed. 
Moreover,  the  usefulness  of  existing  instruments  may  be  indefi- 
nitely increased  by  the  provision  of  funds  for  the  construction  of 
the  subsidiary  apparatus,  which  is  frequently  demanded  by  the 
rapid  development  of  new  methods  in  astronomy.  For  purposes  of 
instruction  it  is  highly  desirable  that  colleges  should  be  provided 
with  suitable  observatories,  equipped  with  such  instruments  as 
will  illustrate  the  fundamental  operations  of  astronomical  re- 
search; but  the  permanent  expenditure  required  will,  in  this 
case,  be  small ;  since  large  instruments  will  not  be  essential. 
The  number  of  large  telescopes  now  lying  idle  is  so  great,  that  it 
is  much  more  important  that  they  should  be  employed,  than  that 
others  should  be  added  to  their  number. 

If  the  money  already  devoted  to  observatories  could  be  re- 
expended,  it  is  evident  that  far  better  results  could  be  attained, 

—  first,  by  establishing  at  every  prominent  college  a  small 
observatory  intended  primarily  for  purposes  of  instruction ; 
secondly,  by  founding  a  few  large  observatories  for  research, 
each  of  which  could  then  be  equipped  with  the  best  instruments, 
and  provided  with  a  sufficient  endowment  to  keep  the  instru- 
ments actively  employed.-  A  much  greater  amount  of  work 
would  thus  be  accomplished  with  the  same  outlay. 

Although  so  sweeping  a  remedy  is  impracticable,  some  im- 
provement in  the  present  condition  of  things  may  be  attempted. 
The  following  examples  show  how  great  results  might  be  attained 
by  the  expenditure  of  comparatively  small  additional  sums :  — 

1.  The  largest  piece  of  astronomical  work  ever  undertaken  is 
the  recent  determination  of  the  precise  places  of  about  one  hun- 
dred thousand  of  the  northern  stars.  This  work  was  begun 
nearly  twenty  years  ago,  and  has  been  progressing  ever  since, 
fifteen  observatories  belonging  to  various  nations  taking  part. 
One  of  the  two  American  observatories  participating  in  this  work 

—  that  at  Albany  —  has  completed  the  observation  and  reduction 
of  the  stars  assigned  to  it.  The  manuscript  is  prepared,  but  un- 
fortunately no  funds  exist  for  its  publication.  For  the  want  of 
from  three  to  five  thousand  dollars  this  large  amount  of  valuable 
material,  on  which  many  thousand  dollars  have  been  already 
expended,  is  now  lying  idle.  It  is  liable  to  destruction  by  fire  at 
any  time,  and  is  of  course  useless  until  published.  International 
obligations  seem  to  require  early  action  in  this  case. 


2.  'For  several  years  the  eighteen-inch  telescope  at  Chicago 
was  the  finest  instrument  of  the  kind  in  the  world.  No  means 
were  provided  for  an  observer,  and  for  part  of  this  time  the 
instrument  was  idle  and  unused.  Later,  an  enthusiastic  and  skil- 
ful astronomer  gratuitously  devoted  his  evenings  to  it,  although 
he  was  obliged  to  occupy  his  days  with  engrossing  legal  business. 
His  observations  for  years  remained  unpublished. 

3.  For  twenty-five  years  the  principal  work  of  the  Litchfield 
Observatory  consisted  in  collecting  the  material  for  an  extensive 
series  of  star  charts.  When  the  results  were  ready  for  the  press 
no  means  were  provided  for  their  publication,  and  the  Director 
was  finally  obliged  to  publish  them  at  his  own  expense  from  the 
savings  of  a  scanty  salary. 

Numerous  similar  examples  could  be  added ;  but  it  is  evident 
that  cases  must  constantly  occur  in  which  work  unfinished,  and 
therefore  useless,  could  be  completed  by  the  judicious  expenditure 
of  small  sums  of  money.  Means  might  be  provided  for  publish- 
ing memoirs  too  long  to  be  included  in  astronomical  periodicals, 
for  furnishing  instruments  to  astronomers,  and  for  paying  the 
salaries  of  observers  for  large  telescopes  which  otherwise  would 
be  idle.  Great  aid  would  thus  be  rendered  to  existing  observa- 
tories in  increasing  their  activity.  The  greatest  extension  of 
astronomical  work  in  the  future  will  probably  be  effected  by  the 
co-operation  of  different  astronomers  and  observatories.  Such 
co-operation  would  be  greatly  facilitated  by  the  aid  of  considerable 
funds  available  for  its  encouragement.  A  proper  disbursement 
in  this  direction  could  not  fail  to  secure  more  important  results 
than  could  possibly  be  attained  at  any  given  observatory.  The 
difficulties  in  the  way  of  conducting  such  work  permanently  are 
however  considerable.  It  is  the  object  of  the  present  pamphlet  to 
show  that  the  desired  results  might  be  attained  by  intrusting 
such  a  fund  to  the  Harvard  College  Observatory.  It  will  bo 
necessary  to  show  that  the  fund  would  be  secure,  that  it  would 
not  be  likely  to  be  diverted  from  its  legitimate  objects,  and  that 
its  income  would  be  expended  efficiently  and,  so  far  as  possible, 
impartially. 

A  large,  long  established,  and  growing  university  possesses 
some  important  advantages  over  a  scientific  society,  or  a  board 
of  trustees,  in  the  administration  of  such  a  fund.  The  total 
property  invested  is  likely  to  be  much  greater,  and  under  proper 


management  the  advantages  ensuing  are  shared  by  each  of  the 
funds  held  in  trust.  The  administration  of  each  fund  will  be  care- 
fully watched.  Any  neglect  in  this  respect  would  be  disastrous, 
from  the  loss  of  confidence  on  the  part  of  the  community,  and  the 
consequent  falling  off  in  the  gifts  on  which  the  growth  of  such 
an  institution  in  large  measure  depends. 

No  safer  depositary  can  be  found  than  the  President  and 
Fellows  of  Harvard  College.  One  evidence  of  this  is  the  age 
of  the  College,  —  two  centuries  and  a  half,  making  it  the  oldest 
in  the  country.  During  all  this  time  it  has  constantly  main- 
tained the  respect  and  confidence  of  the  community.  The 
great  security  for  the  future  lies  in  the  popular  sentiment  of 
Boston  and  the  vicinity,  where  interest  in  literary  and  scientific 
matters  is  widespread  and  permanent.  This  interest  is  evinced 
by  the  large  gifts  made  to  such  objects,  amounting  to  several 
hundred  thousand  dollars  every  year.  Besides  large  sums  given 
to  the  Massachusetts  Institute  of  Technology,  the  Boston  Society 
of  Natural  History,  the  Museum  of  Pine  Arts,  the  Boston  Athe- 
naeum, and  other  similar  institutions,  a  large  amount  is  received 
every  year  by  Harvard  University.  The  sum  permanently  in- 
vested for  the  various  departments  of  the  University  amounted 
in  1840  to  $646,235.17 ;  in  1850,  to  $872,440.52 ;  in  1860,  to 
$1,145,647.20 ;  in  1870,  to  $2,387,282.77 ;  in  1875,  to  $3,139,- 
217.99  ;  in  1880,  to  $8,959,556.08  ;  and  in  1885,  to  $4,922,392.69. 
It  therefore  appears  that  the  rate  of  increase  is  continually  be- 
coming larger,  and  now  amounts  to  about  a  million  dollars 
every  five  years.  The  actual  increase  of  University  property 
amounts  to  a  much  larger  sum;  because  the  buildings  which 
have  been  presented  to  the  University,  and  the  numerous  gifts 
for  immediate  use,  are  not  included  in  the  above  statement. 

Libraries  afford  another  test  of  this  popular  sentiment.  The 
number  of  books  in  the  various  public  libraries  in  Boston  and 
vicinity  far  exceeds  that  in  any  other  city  in  the  country ;  and  the 
annual  circulation  of  the  Boston  Public  Library  alone  has  for 
several  years  exceeded  a  million  of  volumes,  and  is  the  largest 
in  the  world. 

The  financial  security  of  property  in  this  part  of  the  country  is 
indicated  by  the  low  rate  of  interest  yielded  by  State  and  City 
bonds.  This  rate  when  reduced  to  par  is  very  nearly  three  per 
cent  for  the  bonds  issued  by  the  State  of  Massachusetts  and  the 


City  of  Boston.  It  differs  but  little  from  that  derived  from  Brit- 
ish consols,  and  is  only  slightly  larger  than  that  yielded  by  United 
States  bonds.  Few  securities  in  the  world  are  safer  as  judged 
by  this  test.  For  several  years  during  the  uncertainties  caused 
by  the  Civil  War  the  Massachusetts  bonds  actually  commanded 
a  higher  price  than  those  of  the  United  States.  The  hold  of  the 
University  on  the  community  is  indicated  by  its  passage  uninjured 
through  several  important  crises.  It  survived  the  Revolutionary 
War  and  the  Civil  War  without  serious  loss.  The  great  fire  of 
Boston  in  1872  had  a  more  direct  effect  upon  it.  No  similar 
event  in  modern  times  has  caused  so  great  a  pecuniary  loss. 
The  value  of  the  property  destroyed  was  estimated  at  about 
seventy  millions  of  dollars.  The  direct  loss  to  the  University 
was  very  large.  Notwithstanding  the  magnitude  of  the  general 
loss  to  the  community,  the  continued  prosperity  of  the  University 
was  so  generally  regarded  as  important,  that  a  large  part  of  its 
loss  was  made  up  by  means  of  a  general  subscription  amounting 
to  about  $186,000. 

The  financial  management  of  the  funds  intrusted  to  the 
College  has  been  excellent.  All  are  invested  together,  so  that 
each,  however  small,  receives  its  share  of  the  benefit  of  the 
large  total  investment,  which  now  exceeds  five  millions  of  dol- 
lars. During  the  ten  years  ending  September  1,  1876,  the 
average  annual  rate  of  interest  amounted  to  7.21  per  cent. 
Since  then  it  has,  of  course,  diminished;  but  the  rate  during 
the  past  year  amounted  to  5.43  per  cent.  A  large  part  of  the 
College  property  is  free  from  taxation,  and  is  likely  to  con- 
tinue so,  as  long  as  literary  and  charitable  institutions  enjoy 
this  privilege  anywhere.  This  exemption  alone  increases  the 
efficiency  of  a  fund  intrusted  to  such  an  institution  by  nearly 
one  third.  In  other  words,  a  hundred  thousand  dollars  held 
in  trust  by  an  incorporated  institution,  and  free  from  taxes, 
yields  about  the  same  income  as  one  hundred  and  thirty  thou- 
sand dollars  held  by  an  individual  and  used  for  the  same 
purposes. 

The  funds  permanently  invested  for  the  benefit  of  the  Harvard 
College  Observatory  are  already  large.  On  September  1, 1885, 
they  amounted  to  $226,988.34.  Since  then  a  bequest  of  $320,000 
has  been  received  from  the  late  Robert  Treat  Paine,  of  Brook- 
line,  one  half  of  which,  however,  is  not  at  present  available  for 


8 

the  uses  of  the  Observatory.  The  question  naturally  arises 
why  this  Observatory  should  not  from  its  own  means  furnish 
the  money  desired  for  carrying  on  work  at  other  institutions, 
if  greater  results  can  thus  be  attained  than  in  any  other  way. 
The  answer  is  that  it  should ;  and  I  hope  that  it  will  do  so,  as 
far  as  its  means  will  allow.  But  the  limit  of  judicious  expendi- 
ture upon  work  actually  carried  on  at  Cambridge  is  not  yet 
reached,  and  the  use  of  instruments  which  might  advantageously 
be  employed  whenever  the  sky  is  clear  is  still  restricted  to  a 
few  hours  a  day,  for  want  of  observers.  Moreover,  some  of  the 
funds  are  restricted,  so  that  they  cannot  be  used  outside  of 
the  Observatory,  and  large  expenditures  are  required  for  perma- 
nent improvements  which  have  been  postponed  on  account  of 
the  urgency  of  other  work.  These  improvements  include  exten- 
sive changes  and  repairs  in  the  building,  a  new  mounting  for  the 
large  telescope,  by  which  its  efficiency  could  easily  be  doubled, 
and  the  reorganization  of  the  library.  A  considerable  sum  is 
also  needed  for  the  publication  of  observations  already  made. 
Nevertheless,  the  Observatory  is  intended  to  promote  astronomi- 
cal science  in  general,  independently  of  persons  or  places.  It 
therefore  seems  to  me  that  if  the  required  fund  cannot  other- 
wise be  obtained,  a  portion  of  it  should  be  subscribed  from  the 
unrestricted  funds  of  this  Observatory;  also,  that  the  money 
should  be  expended  free  from  all  conditions  except  those  that 
would  lead  to  the  greatest  extension  of  human  knowledge.  This 
rule  should  be  applied  to  the  fund,  however  obtained.  Restric- 
tions often  limit  the  usefulness  of  an  appropriation.  Of  course, 
common  civility  and  scientific  usage  require  a  perpetual  acknowl- 
edgment of  the  service  rendered  by  the  persons  by  whom  the 
fund  is  established.  But  whatever  action  is  taken  by  this  Ob- 
servatory, it  should  impose  no  conditions  on  the  expenditure  of 
the  proposed  fund  which  would  limit  its  efficiency.  In  the  case 
of  a  publication  it  would  generally  be  desirable  to  adopt  the  form 
of  the  Harvard  Annals,  or  to  make  the  new  work  one  of  the 
volumes  of  that  series.  A  detached  work  thus  attains  a  perma- 
nent location  where  it  is  more  easily  found  and  reference  to  it 
is  more  readily  made.  But  should  this  condition  prove  distaste- 
ful in  any  case,  it  should  not  be  insisted  upon. 

The  rule  that  the  fund  must  be  expended  so  as  to  attain  the 
best  results,  independently  of  all  local  and  personal  conditions, 
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is  simple  and  effective.  No  restrictions  interfering  with  this  prin- 
ciple should  be  tolerated.  Certain  forms  and  rules  may  be  recom- 
mended, but  they  should  not  be  enforced  if  they  would  interfere 
with  the  objects  desired.  Thus  administered,  the  fund  would 
not  be  a  source  of  direct  advantage  to  Harvard  University.  The 
direct  and  indirect  expenses  would  be  considerable,  and  from  a 
selfish  standpoint  it  is  not  clear  that  the  plan  would  benefit  this 
Observatory.  On  the  other  hand,  Science  is  an  ennobling  pursuit 
only  when  it  is  wholly  unselfish.  The  attempt  to  aid  all  astrono- 
mers and  all  observatories  is  a  far  broader  and  higher  aim  than 
local  success.  The  benefit  to  science  would  abundantly  com- 
pensate for  the  temporary  inconvenience  and  trouble  involved 
in  the  proper  execution  of  this  plan.  It  is  believed  that  persons 
could  be  found  who  would  provide  the  necessary  means,  if  they 
could  be  assured  that  the  expected  results  would  certainly  be 
attained.  At  least  five  thousand  dollars  a  year  could  be  advan- 
tageously expended  in  the  way  here  proposed.  This  would  re- 
quire a  permanent  fund  of  about  one  hundred  thousand  dollars. 
But  it  is  not  necessary  that  a  large  sum  should  be  contributed  at 
once.  There  would  be  some  advantages  in  beginning  with  the 
sum  required  for  annual  expenditure  ;  in  other  words,  in  se- 
curing an  annual  amount  equal  to  the  income  of  the  desired  fund. 
The  donors  would  thus  be  able  to  judge  whether  the  money  was 
likely  to  be  expended  to  their  satisfaction,  before  putting  a  large 
sum  beyond  their  control.  The  apprehension  that  the  contribution 
might  not  be  continued  would  evidently  cause  the  greatest  effort 
to  be  made  to  secure  the  best  possible  results.  If  the  expendi- 
tures were  made  fruitfully,  the  strongest  argument  would  be 
supplied  for  making  the  yearly  contribution  permanent,  or  for 
securing  the  entire  sum  needed.  If  a  yearly  subscription  of  five 
thousand  dollars  could  be  secured  for  five  years,  the  plan  could 
be  effectively  tried.  The  same  or  other  donors  could  then  be 
asked  to  establish  a  permanent  fund.  A  similar  plan  was  tried 
by  this  Observatory  in  1878  with  great  success.  It  was  shown 
that  an  additional  annual  income  of  five  thousand  dollars  would 
produce  an  immediate  increase  in  the  work  done  much  greater 
than  would  be  proportional  to  the  expenditure.  This  increase 
was  guaranteed  for  five  years.  At  the  end  of  that  time  a 
statement  of  the  results  attained  led  to  the  establishment  of  a 
permanent  fund  of  fifty  thousand  dollars,  which  has  permitted 
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a  great  extension  of  the  work  in  progress  here.  The  indirect 
results  which  may  be  ascribed  to  this  subscription  were  still  more 
important.  Mr.  Paine  was  a  member  of  the  Visiting  Committee, 
and  was  well  aware  of  the  wants  of  the  Observatory,  and  of  the 
efforts  made  to  supply  them.  In  October,  1879,  when  the  results 
of  the  first  subscription  began  to  show  themselves,  he  made  a 
will  which  has  given  to  the  Observatory  his  entire  fortune,  ex- 
ceeding three  hundred  thousand  dollars.  Mr.  Boyden  was  asked 
to  take  part  in  the  subscription  for  the  Observatory,  and  declined. 
He,  however,  soon  after  made  his  will,  bequeathing  his  property, 
now  exceeding  two  hundred  thousand  dollars,  to  astronomical 
objects.  We  thus  see  that  the  original  subscription  of  1878  which 
amounted  to  twenty-seven  thousand  dollars,  probably  contributed 
to  secure  for  astronomical  purposes  a  sum  more  than  twenty 
times  as  great.  The  large  pecuniary  interests  involved  in  the 
work  of  this  Observatory  will  require  executive  as  well  as  astro- 
nomical capacities  in  its  successive  Directors.  The  income  will 
be  more  likely  to  be  expended,  and  expended  judiciously,  when 
the  responsibility  is  placed  upon  a  single  person  than  when  it 
is  divided  among  the  members  of  a  committee.  The  assured 
position  of  the  Observatory  will  also  permit  the  needs  of  other 
similar  institutions  to  be  judged  more  impartially. 

The  friends  of  the  Observatory  have  responded  so  liberally  to 
supply  its  urgent  needs  in  the  past,  that  it  does  not  seem  proper 
to  attempt  to  raise  money  for  the  present  purpose  by  a  subscrip- 
tion of  the  usual  form.  It  is  hoped  that  the  required  sum  may 
be  offered  by  those  who  are  interested  in  science  for  its  own 
sake ;  also  that  the  breadth  of  the  plan  may  secure  the  assist- 
ance of  some  persons  who  have  not  hitherto  taken  an  active  part 
in  building  up  Harvard  University. 

An  advantage  of  the  plan  here  proposed  is  the  broad  field  of 
usefulness  it  would  open  for  this  Observatory.  It  is  fairly  cer- 
tain that  a  vast  amount  of  money  will  be  applied  to  astronomical 
purposes  in  the  future.  Nearly  every  donor  would  prefer  that 
his  gifts  should  aid  all  astronomers,  or  astronomy  in  general, 
rather  than  confer  a  benefit  upon  a  single  institution.  If  a  good 
beginning  could  be  made,  great  results  might  be  expected.  Each 
appropriation,  judiciously  expended,  would  form  an  argument 
for  new  donations.  A  proper  administration  of  the  fund  might 
secure  continual  additions  to  it  in  the  future.    There  appears  to 
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be  no  limit  to  the  amount  of  work  which  could  thus  be  carried 
on.  It  might  be  many  times  greater  than  that  now  conducted 
at  any  single  observatory.  On  the  other  hand,  if  money  should 
be  furnished  for  immediate  expenses,  no  loss  could  be  incurred, 
since  plans  for  its  application  could  be  proposed  before  the 
money  should  be  contributed. 

While  the  best  result  would  be  attained  by  making  the  fund 
unrestricted,  the  wishes  of  each  donor  could  be  respected.  One 
might  desire  that  astronomical  research  should  be  fostered  in 
America ;  another  might  recognize  the  great  pecuniary  restric- 
tions under  which  many  leading  European  astronomers  are  work- 
ing, and  might  wish  to  cultivate  an  international  spirit ;  a  third 
might  desire  to  aid  students ;  and  a  fourth  to  secure  publication 
for  memoirs  of  undoubted  value. 

The  scientific  results  alone  have  been  considered  above,  but 
the  moral  advantages  should  not  be  overlooked.  If  such  a 
scheme  could  bring  astronomers  together,  so  that  all  should  aim 
at  results  independent  of  personal  considerations,  a  vast  gain 
would  be  made. 

EDWARD  C.  PICKERING. 
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Accurate  Mountain  Heights. 

Br  Edward  C.  Pickering. 

Bead  December  11, 1885. 

Of  the  various  methods  of  determining  the  height  of  a 
mountain,  the  best  is  undoubtedly  that  by  running  a  line  of 
levels  to  its  summit.  This  method  is  accepted  as  the  stand- 
ard, and  as  that  by  which  the  errors  of  the  other  methods 
are  to  be  judged.  A  surprising  degree  of  accuracy  can  be 
attained  in  levelling  an  ordinary  country.  Many  of  the  errors 
compensate,  and  the  final  results  should  generally  be  accurate 
within  a  small  fraction  of  a  foot.  In  ascending  a  mountain, 
much  greater  deviations  must  be  expected.  The  back  sights 
are  usually  longer  than  the  fore  sights,  and  therefore  errors 
in  the  adjustment  of  the  level  or  in  the  correction  for  atmos- 
pheric refraction  are  cumulative.  The  effect  of  the  mass  of 
the  mountain  on  the  level  would  produce  an  error  which  would 
not  be  compensated,  and  might  be  large  enough  to  be  appre- 
ciable. Finally,  an  error  in  the  length  of  the  levelling-rod 
would  enter  to  its  full  proportionate  amount.  For  these  rea- 
sons much  reliance  should  not  be  placed  upon  the  fractions  of 
a  foot,  unless  the  above  sources  of  error  have  been  considered 
and  proper  corrections  applied.  The  precise  heights  as  deter- 
mined have,  however,  been  given  below. 

The  labor  and  cost  of  levelling  prevent  its  general  applica- 
tion to  the  determination  of  mountain  heights.  A  few  lines 
of  level  have  been  run  up  the  hills  and  mountains  in  this  por- 
tion of  the  country,  generally  by  the  enterprise  and  enthusiasm 
of  volunteers.  A  description  of  several  of  these  lines  has 
been  collected  from  various  sources,  generally  from  the  local 
newspapers.  The  principal  results  are  published  below  for 
permanent  reference.  Doubtless  many  similar  measurements 
have  been  made,  and  it  is  hoped  that  they  may  be  communi- 
cated to  the  writer  as  material  for  a  second  paper.  As  an 
example  of  the  danger  that  such  material  may  be  totally  lost, 
it  may  be  mentioned  that  scarcely  any  of  the  results  given 
below  are  contained  in  the  excellent  "  Dictionary  of  Altitudes 


216  ACCURATE  MOUNTAIN  HEIGHTS. 

of  the  United  States,"  recently  published  by  the  United  States 
Geological  Survey. 

The  following  table  contains  a  number  for  reference,  the 
name  of  the  mountain  or  other  object  measured,  and  its  height 
above  the  mean  tide-level  of  the  ocean.  Additional  informa- 
tion regarding  many  of  these  points  is  contained  in  the  notes 
following  the  table.  Nos.  1  to  10  are  taken  from  "  The  Geol- 
ogy of  New  Hampshire,"  Vol.  I. ;  Nos.  11  to  17  from  an  article 
by  Mr.  J.  J.  Holbrook,  "  New  Hampshire  Sentinel,"  Nov.  22, 
1877,  where  the  altitudes  of  several  other  points  in  Cheshire 
County,  N.  H.,  are  also  given.  All  of  these  stations  are  in 
New  Hampshire ;  Nos.  18  to  43  are  in  Vermont,  and  Nos.  44 
to  63  in  New  York. 


1.  Mt.  Washington 6,293 

2.  Upper  water-tank,  Mt.  Washington  Railroad  .     .  5,800 

3.  Second  tank  (Jacob's  Ladder) 5,468 

4.  Waumbek  Junction 3,910 

5.  Ammonoosuc  Station 2,668 

6.  Half-way  House 3,840 

7.  Glen  House 1,632 

8.  Kearsarge  (S.) 2,942.79 

9.  "         Garden 2,622.50 

10.  .     "         Plumbago  Point 1,705 

11.  Monadnock 3,169.3 

12.  "  Mountain  House 2,071.984 

13.  John  Mann's,  near  divide 1,487.602 

14.  Jaffrey  Schoolhouse  No.  12  (threshold)  ....  1,281.227 

15.  Troy  Schoolhouse  No.  3  (lowest  step)     ....  1,166.112 

16.  Beech  Hill 1,060.566 

17.  "       "     Reservoir 594.589 

18.  Mt.  Mansfield  (Chin) 4,389.08 

19.  Mt.  Mansfield  (Nose) 4,056.39 

20.  Summit  House 3,841.64 

21.  Ridge  southeast  of  Summit  House 3,612.38 

22.  Half-way  House 2,806.38 

23.  Junction  of  Notch  Road 1,291.85 

24.  Bench  near  J.  Houston's 955.05 

25.  Mansfield  House,  Stowe 720.27 

26.  Methodist  Church,  Waterbury  Centre     ....       712.58 

27.  Killington  Peak 4,220.87 

28.  Summit  of  the  second  ridge 3,546.81 

29.  Rock,  summit  of  the  first  ridge 8,885.48 

80.  Bench,  rock  near  Manley's  barn 2,097.61 
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31.  Bench,  rock  near  R.  Maxham's 1,812.72 

82.  Junction  of  the  mountain  road,  Sherburne  .     .     .  1,504.77 

33.  Hotel,  Sherburne 1,211.21 

34.  Congregational  Church,  Bridgewater 892.39 

35.  Mt.  Tom  (north  peak),  Woodstock 1,351.22 

36.  "        (south  peak),  "  1,244.12 

37.  Little  Killington 3,951 

38.  Base  of  the  Town  Hall,  Woodstock 697.69 

39.  Pico 8,935 

40.  Shrewsbury  Mountain 3,707 

41.  Shrewsbury  Peak •  3,838 

42.  Camel's  Hump 4,077 

43.  Ascutney 8,163 

44.  WhitefaceMt 4,871.655 

45.  "  "     (spring) 2,817.958 

46.  "  "     (brook,  second  crossing  on  trail)  .  2,023.965 

47.  "  "     (brook,  first  crossing  on  trail)  .     .  1,959.996 

48.  Lake  Placid 1,863.715 

49.  Mt.  Marcy 5,344.243 

50.  "        "      (Hump) 4,998.278 

51.  Lake  Tear  of  the  Clouds 4,321.958 

52.  "       "        "        "        (summit  of  notch)     .     .  4,355.313 

53.  Panther  Gorge 8,353.687 

54.  Mt.  Maclntyre 6,112.730 

55.  Mackenzie  Pond  Mountain 3,789.322 

56.  Mt  Skylight 4,889.626 

57.  Gray  Peak 4,902 

58.  Haystack 4,918.626 

59.  Bartlett  (west  shoulder) 2,785.512 

60.  St.  Regis  Mountain 2,888.298 

61.  Lyon  Mountain 8,809 

62.  St.  Regis  Lake  (Lower) 1,623.162 

63.  Raquette  Lake 1,774.249 

1.  The  height  of  Mt.  Washington  was  determined  in  1853  by  Captain 
Cram  of  the  United  States  Coast  Survey  (C.  S.  Reports,  1854,  p.  39, 
App.  34 ;  1870,  p.  90).  Another  determination  in  1852,  by  Mr.  Wil- 
liam A.  Goodwin,  gave  the  elevation  as  6,285  ("  The  Geology  of  New 
Hampshire,"  vol.  i.  p.  88),  and  apparently  resulted  from  a  line  of 
levels. 

8  to  10.    Carriage-road  survey  by  Mr.  R.  S.  Howe. 

11  to  17.    Levelled  by  Mr.  J.  J.  Holbrook. 

18  to  26.  Levelled  by  Mr.  Hosea  Doton,  aided  by  Messrs.  W.  W.  Ware 
and  J.  K.  P.  Chamberlain.  They  started  from  the  railway  station  at 
Waterbury,  and  assumed  the  height  of  the  top  of  the  sleepers  at  that 
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point  to  be  425  feet.  Professor  Guyot,  in  1866,  found  the  height  of 
No.  18  to  be  4,386  feet,  from  a  series  of  barometric  measurements  made 
every  fifteen  minutes  for  twenty-four  hours.  Another  measurement  re- 
cently made  by  him  gives  the  height  4,387.25  (reprinted  from  Walton's 
Journal  in  "  Vermont  Staudard,"  Oct.  15,  1885,  where  the  elevations  of 
twelve  other  points  on  this  line  are  also  given).  Mr.  Dotou  states  that 
he  used  an  eighteen -inch  Y-level  made  by  J.  Sawyer,  of  Yonkers,  N.  Y., 
with  a  "  New  York  "  rod.  The  back  and  fore  sights  are  usually  made 
as  nearly  equal  as  possible  without  actual  measurement.  When  it  was 
necessary  to  make  the  sights  unequal,  the  correction  for  curvature  and 
refraction  was  applied.  The  liues  were  run  up  the  mountain,  and  not 
down.  An  independent  determination  of  the  heights  of  Nos.  18  and  19 
has  been  made  by  the  Hon.  J.  P.  Bradley.  A  Hue  of  levels  gave  the 
height  of  the  Butler  House  in  Stowe  to  be  851.70.  A  triangulation  from 
a  base  measured  near  this  point  gave  the  height  of  No.  18  to  be  4,387.25 
and  of  No.  19,  4,061.40.  This  is  a  close  agreement,  considering  the 
means  employed,  and  a  satisfactory  proof  that  no  serious  error  occurs  in 
the  line  of  levels.  A  line  of  levels  has  been  run  to  No.  18  by  the  Coast 
Survey,  but  the  result  has  not  yet  been  published  (C.  S.  Report,  1883, 
p.  29). 

27  to  37.  In  1863  Mr.  Ilosea  Doton,  assisted  by  Messrs.  W.  S.  Dewey, 
J.  K.  P.  Chamberlain,  and  H.  A.  Perkins,  ran  this  line  of  levels,  startiug 
from  White  River  Junction.  Professor  Guyot,  by  a  careful  barometric 
measurement,  found  the  height  of  No.  27  to  be  4,221.39  ("  Vermont 
Standard, "  Oct.  11,  1H66,  where  the  heights  of  forty-six  other  points  on 
this  line  are  also  given).  The  height  of  White  Uiver  Junction  was  as- 
sumed to  be  351  feet.  In  4I  The  Geology  of  New  Hampshire  "  (vol.  i. 
p.  251  el  seq.)  it  is  given  as  369.237.  If  this  value  is  correct,  the  heights 
of  Nos.  27  to  37  should  be  increased  by  18  feet 

38  to  41.  Determined  trigouometrically  from  No.  27,  No.  38  is  2.55 
miles  north  ;  No.  39  is  .92  miles  southerly  ;  No.  40  is  2.50  miles  south- 
easterly ;  No.  41,  also  called  Mendon  Peak,  is  1.44  miles  south  of  west 
("  Vermont  Standard,"  Oct.  11,  1866).  The  height  of  No.  41  is  there 
given  erroneously  as  3,898. 

42.  Levelled  by  Mr.  Charles  Collins  at  the  time  of  the  building  of  the 
Vermont  Central  Railroad,  of  which  he  was  one  of  the  engineers  ("  Ver- 
mont Standard,"  June  8,  1871). 

43.  Levelled  by  Messrs.  H.  F.  Dunham  and  D.  C.  Bell  from  a  bench 
in  Harland  ("  Vermont  Standard,"  June  8, 1881).  The  bench  appears  to 
have  been  the  summit  of  Garvin  Hill,  which  was  levelled  from  the  base 
of  the  town  hall  in  Woodstock  by  Mr.  Ilosea  Doton,  assisted  by  Mr. 
Charles  Marsh.  For  further  details,  see  the  "  Woodstock  Post,"  Jan.  16, 
1874. 

44  to  63.  All  of  these  heights  have  been  taken  from  the  "  Serenth 
Report  of  the  Adirondack  Survey,"  by  Mr.  Verplanck  Colvin.  Unfor- 
tunately, this  work  is  entirely  out  of  print.     The  heights  of  a  largo 
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number  of  other  points  are  given  in  the  same  work.  No.  61  was  not 
determined  by  levelling,  but  from  the  mean  of  two  months'  observation 
with  the  barometer. 

The  following  additional  heights  of  the  rail  at  various  rail- 
way stations  may  prove  useful ;  they  are  taken  from  "  The 
Geology  of  New  Hampshire,"  Vol.  1. :  Winchendon,  992 ; 
Peterborough,  744;  Keene,  478.58;  Bellows  Falls,  304.58; 
White  River  Junction,  3G9.237 ;  Woodsville,  448 ;  Manches- 
ter, 180.832;  Concord,  252.397;  Plymouth,  473;  Warren, 
736 ;  Littleton,  817 ;  Wing  Road  Junction,  1,019 ;  Bethle- 
hem, 1,187 ;  Lancaster,  870 ;  Groveton  Junction,  901 ;  Shel- 
burne,  723;  Gorham,  812;  Conway  Corner,  466;  North 
Conway,  516;  Fabyan  House,  1,571.  The  height  of  the 
lower  Connecticut  Lake  is  1,618.863.  The  height  of  the 
Twin  Mountain  Station,  as  given  in  "The  Geology  of  New 
Hampshire,"  p.  266,  is  1,446  ;  as  given  on  pages  274  and  288, 
it  is  1,375.  The  height  of  Bacon's  Mills  is  given  on  page  271 
as  922 ;  but  is  apparently  copied  erroneously,  as  992,  in  the 
"  New  Hampshire  Sentinel "  for  Nov.  22, 1877.  In  the  latter 
paper  attention  is  called  to  the  fact  that  the  height  of  Marl- 
borough Station  is  given  (and  probably  correctly)  as  789  feet 
on  page  260,  while  on  page  284  the  heights  of  two  bridges 
in  Swanzey  are  given  as  1,072  and  1,022.  The  water  flowing 
under  these  bridges  (which  are  only  of  moderate  height) 
comes  from  below  the  Marlborough  Station. 
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Art.  XX VL — Comparison  of  Maps  of  the  Ultra  Violet  Spectrum  ; 

by  Edward  C.  Pickering. 

Ons  of  the  first  accurate  maps  of  the  ultra-violet  portion  of 
the  solar  spectrum  was  made  in  1873  by  the  late  Dr.  Henry 
Draper.  A  photograph  of  a  normal  diffraction  spectrum  was 
prepared  ana  copies  printed  by  the  Albertype  process.  A 
wide  distribution  was  given  to  this  work,  which  was  published 
also  in  this  Journal,  cvi,  p.  401.  This  map  extended  from  345 
to  394,  adopting  as  a  unit  the  millionth  of  a  millimeter.  The 
scale  was  such  that  one  unit  equaled  O^l0*.  Soon  after,  M. 
Comu  published  in  the  Annales  Scientifiques  de  l'Ecole  Nor- 
male  Sup6rieure,  III,  421,  a  steel  engraving  representing  the 
region  extending  from  343*5  to  412*5.  The  map  was  intended 
as  a  continuation  of  the  work  of  Angstrom  and  was  on  the 
same  scale,  one  unit  equaling  I0*. 

The  recent  publication  of  a  photograph  of  the  solar  spectrum 
by  Professor  Rowland  furnishes  a  convenient  standard  with 
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which  these  maps  may  be  compared.  The  improved  apparatus 
and  enlarged  scale  of  Professor  Rowland's  work  rendered  it 
probable  that  its  accidental  errors  would  be  unimportant  in  the 
present  comparison,  especially  as  the  measures  are  only  to  be 
carried  to  hundredths  of  a  unit  As  a  check  upon  its  sys- 
tematic errors  a  comparison  has  been  made  with  the  investiga- 
tions of  Dr.  Miiller  and  Dr.  Kempf  in  the  Publicationen  des 
Astrophysikalischen  Observatoriums  zu  Potsdam,  V.  Three 
hundred  lines  were  measured  between  the  limits  of  686  and 
389.  About  two  hundred  of  these  are  contained  in  the  region 
covered  by  Professor  Rowland's  map.  A  comparison  of  a 
number  of  them  indicate  that  the  accidental  errors  are  very 
small.  The  width  of  the  bands  or  groups  of  lines  into  which 
many  of  the  lines  are  resolved  renders  it  largely  a  matter  of 
judgment  where  the  center  should  be  taken.  The  systematic 
differences  are  about  O'Ol,  or  more  strictly  the  wave-lengths 
according  to  Rowland  exceed  those  of  Miiller  and  Kempf  by 
about  one  eighty  thousandth  part.  The  region  588  to  590 
occurs  on  four  of  the  strips  of  Rowland's  map.  The  positions 
of  forty-five  of  the  lines  contained  in  this  region  were  estimated 
on  all  four  strips  and  indicated  corrections  of  +"0007,  +*0007, 
—  *0009  and  —  *0004  respectively.  These  quantities  are  proba- 
bly due  to  accident.  They  are  inappreciable  by  the  method  of 
measurement  employed,  as  they  would  not  exceed  one  five 
hundredth  of  an  inch  on  the  map. 

The  specimen  of  Dr.  Draper's  map  with  which  the  comparison 
was  made  was  not  a  proof  impression,  but  was  taken  from  a  copy 
of  this  Journal.  The  positions  of  seventy-six  lines  were  read, 
estimating  the  divisions  to  tenths  by  the  aid  of  a  reading  glass 
having  a  focal  length  of  about  lO"*.  Preference  was  given  to 
well  defined  lines,  a  few  bands  with  hazy  edges  being  omitted. 
The  corresponding  positions  of  these  lines  were  then  read  from 
Professor  Rowland's  map,  estimating  the  tenths  by  the  unaided 
eye.  The  differences  were  arranged  in  groups  as  shown  in 
table  I,  according  to  their  wave-length.  Each  group  extends 
over  one  unit,  the  middle  points  bavins  the  values  given  in 
the  first  column  of  the  table.  The  number  of  lines  contained 
in  the  group  is  given  in  the  second  column,  and  the  mean  of 
the  residuals,  Draper  minus  Rowland,  in  the  third  column. 
The  fourth  column  gives  the  results  of  a  similar  comparison 
with  the  map  of  Cornu.  The  same  lines  were  used  except  that 
having  a  wave-length  of  393*76,  which  is  not  given  on  Cornu's 
map.  Some  uncertainty  exists  regarding  three  or  four  of  the 
other  lines,  where  the  engraving  does  not  agree  with  the  photo- 
graph. No  large  residuals  are  thus  introduced,  since  lines  in 
the  right  place  are  selected  even  if  the  intensity  is  incorrectly 
represented. 
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Table  I. 

A 

No. 

D-R. 

C-R. 

372*0 

3 

+  •037 

—  087 

3730 

5 

+  032 

—  •070 

374-0 

3 

+  037 

—  077 

375-0 

3 

+  •023 

-•070 

3760 

3 

+  •003 

—•060 

3770 

2 

+  005 

-075 

378*0 

3 

+  •007 

—  •093 

379-0 

3 

—  003 

—•097 

3800 

3 

-•007 

—  023 

381-0 

1 

+  •020 

-070 

3820 

3 

-•017 

-073 

3830 

5 

—  030 

-•084 

3840 

2 

-030 

—  090 

385-0 

6 

-•027 

—  •102 

3860 

5 

-•026 

—  •086 

387  0 

3 

—•027 

-•133 

388-0 

2 

-•045 

-•150 

389-0 

3 

-•067 

-153 

390-0 

6 

-062 

-•128 

3910 

5 

-042 

-•084 

3920 

3 

-057 

—•107 

3930 

2 

--080 

—•100 

3940 

2 

-•075 

—•100 

The  results  of  table  I  are  combined  in  table  II,  where  each 
group  extends  over  five  units.     An  inspection  of  these  tables 


X 

No. 

VAMI       4Ai 

D-R. 

C-R. 

375-0 

16 

+  023 

—•070 

3800 

13 

-•003 

-•079 

385  0 

21 

—•028 

-•097 

390-0 

19 

—  •055 

—  •119 

shows  that  the  maps  differ  systematically,  the  wave-lengths 
according  to  the  map  of  Dr.  Draper  being  too  great  for  the 
lines  of  short  wave-lengths.  The  relation  is  very  closely  repre- 
sented by  the  formula, 

D  —  R  =  -0052  (379-6  —  D), 

in  which  D  and  R  represent  the  wavelengths  according  to  Dr. 
Draper  and  Professor  Rowland  respectively. 

Representing  by  C  the  wave-lengths  according  to  Cornu,  we 
have  in  like  manner  the  correction, 

C  — R  =  -003(351-7  —  C). 

Where  the  wave-lengths  are  only  carried  to  hundredths  of  a 
unit  the  corrections  may  be  more  readily  applied  by  means  of 
table  III,  which  gives  the  limits  within  which  each  correction 
of  one  hundredth  of  a  unit  is  to  be  applied.  The  first  part  of 
the  table  gives  the  corrections  of  Dr.  Draper's  map,  the  second 
the  corrections  of  M.  Cornu's  map. 
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Table  HE. 

Limits. 

Corr. 
Dr. 

Limits. 

Corr. 
Dr. 

Limits. 

Corr. 
C. 

370-04  to  371-95 
371-96  to  372-87 
372-88  to  374-79 
374-80  to  37671 
376-72  to  378-63 
378*64  to  380-55 
380*56  to  382*47 

+  •05 
+  04 
+  •03 
+  •02 
+  01 
•00 
—  01 

382-48  to  384-39 
384-40  to  386-31 
386-32  to  388*23 
388*24  to  390-15 
390-16  to  39207 
39208  to  393-99 
39400  to  395-91 

—  •02 

—  •03 
-•04 

—  •05 
—•06 

—  •07 
-08 

37000  to  373  33 
373-34  to  376*66 
37667  to  379*99 
380-00  to  383-33 
383*34  to  386-66 
386-67  to  389-99 
39000  to  393-33 

-06 
—  07 
-•08 
—•09 
-10 
-•11 
-•12 

As  an  example  of  the  use  of  this  table,  if  a  line  on  Dr. 
Draper's  map  has  a  wave-length  of  371*95,  its  true  wave-length 
may  be  assumed  to  be  372*00.  In  like  manner  390*00  becomes 
389*95.  The  same  readings  on  Coma's  map  would  become 
371*89  and  389*88. 

Applying  these  corrections  to  the  wave-lengths  derived  from 
the  map  of  Dr.  Draper,  we  obtain  results  which  Agree  very 
closely  with  those  given  by  Professor  Rowland.  The  mean 
difference  for  the  seventy-six  lines  compared  was  0*012,  corre- 
sponding to  about  one  eight-hundredth  of  an  inch  upon  the 
Draper  map.  Probably  a  remeasurement  of  the  larger  differ- 
ences would  still  further  diminish  the  average  value.  No  dif- 
ferences were  rejected,  the  two  largest  having  the  values  0*05 
and  0  06.  The  mean  difference  of  0*012  gives  a  probable  error 
of  0*010,  which  includes  the  errors  of  the  two  readings  and  the 
accidental  errors  of  both  maps.  We  may  therefore  assume  that 
that  the  probable  error  of  a  wave-length  derived  from  the  map 
of  Dr.  Draper  will  not  exceed  one  one-hundredth  of  a  unit  if  the 
correction  given  above  is  first  applied.  The  minuteness  of  this 
quantity  is  a  good  illustration  of  the  accuracy  attainable  from 
a  record  obtained  automatically  by  photography.  The  wave- 
lengths given  on  the  map  of  Cornu  when  corrected  in  the  same 
way  give  an  average  deviation  of  0*025,  equal  to  about  one 
one-hundredth  of  an  inch  on  the  map.  This  is  in  accordance 
with  the  belief  of  Cornu  himself  that  the  probable  error  of  the 
drawing  would  not  exceed  0*03. 
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Heights  of  the  White  Mountains. 

By  Edward  C.  Pickering. 

During  the  summer  of  1876  several  thousand  measure- 
ments were  made  of  the  altitudes  of  various  points  in  the 
White  Mountains.  A  brief  description  of  this  work  has  al- 
ready been  given  in  Appalachia,  Vol.  I.  p.  138.  The  method 
of  zenith  distances  was  employed,  the  measurements  being 
made  by  means  of  a  micrometer  level.  This  instrument  con- 
sists of  a  telescope  to  which  a  delicate  level  is  firmly  attached. 
A  micrometer  screw  serves  to  raise  or  lower  one  end  of  the 
telescope,  the  other  end  being  attached  to  the  base  by  a  hinge. 
A  further  discussion  of  this  instrument  may  be  found  in  the 
"  Proceedings  of  the  American  Academy,"  Vol.  XI.  p.  256 ;  Vol. 
XXI.  p.  268.  Thirty-four  stations,  most  of  them  mountain  sum- 
mits, were  occupied  with  this  instrument  in  1876.  Measures 
were  made  from  each  station,  by  directing  the  telescope  to  each 
mountain  summit  or  other  object  of  interest  visible,  and  read- 
ing the  micrometer  screw.  At  short  intervals  during  this 
work  the  instrument  was  levelled,  and  the  screw  again  read. 
Horizontal  angles  were  also  measured  in  order  to  identify  or 
locate  the  points  observed.  To  determine  the  altitude  of  a 
given  point  above  the  instrument,  we  must  know  its  angular 
altitude  and  its  horizontal  distance.  For  want  of  this  last 
quantity  the  reduction  of  the  observations  described  above  has 
been  delayed  for  several  years.  The  preparation  of  the  new 
Appalachian  map  of  the  White  Mountains  has  furnished  the 
means  of  determining  these  distances,  and  has  accordingly 
been  employed  for  this  purpose.  The  horizontal  angles  have 
been  verified  at  the  same  time,  and  in  fact  have  served  to  lo- 
cate many  of  the  observed  points.  The  danger  of  an  error  in 
identification  has  thus  been  greatly  diminished. 

The  original  readings  of  the  micrometer  screw  were  made 
to  the  nearest  whole  division  of  the  divided  head,  —  that  is, 
to  one  hundredth  of  a  turn.  Later  observations  have  shown 
that  each  division,  which  equals  about  14",  should  be  divided 
into  tenths,  to  attain  the  greatest  accuracy  of  which  the  in- 
strument is  capable.    The  effect  on  the  final  result  is  not, 
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however,  important  on  account  of  the  presence  of  other 
sources  of  error.  The  most  important  of  these  are :  First, 
variations  in  the  atmospheric  refraction;  secondly,  changes 
in  the  instrument,  caused  by  variations  in  temperature,  es- 
pecially when  it  is  exposed  to  the  sun ;  thirdly,  deviation  of 
the  point  observed,  from  the  true  summit.  In  many  cases 
the  summits  measured  were  wooded,  the  tops  of  the  trees 
being  observed.  The  mountains  were  seldom  so  flat  or  so 
near  that  a  point  below  the  summit  would  be  sighted  upon 
by  mistake.  This  source  of  error  would  affect  the  horizontal 
angles  much  more  than  the  vertical.  It  rarely  happened  that 
a  signal  had  been  erected  on  which  all  the  pointings  could  be 
made.  For  ordinary  purposes  an  error  of  a  few  feet  in  the 
height  of  a  mountain  is  unimportant.  To  reduce  the  read- 
ings of  the  micrometer  screw,  three  quantities  must  be  deter- 
mined :  first,  the  combined  collimation  and  level  error  of  the 
instrument,  which  may  be  defined  as  the  angle  between  the 
level  and  the  telescope,  or  the  inclination  of  the  telescope 
when  the  level  is  horizontal ;  secondly,  the  correction  for 
the  curvature  of  the  earth  and  the  atmospheric  refraction: 
thirdly,  the  angular  value  of  one  division  of  the  micrometer 
screw.  Each  of  these  quantities  may  either  be  measured 
directly,  or  derived  from  the  observations  themselves.  In 
the  present  case  the  latter  method  has  been  employed.  A 
large  number  of  reciprocal  readings  were  obtained,  since,  in 
general,  from  each  station  pointings  were  made  upon  all  the 
other  stations  visible.  The  difference  between  two  recip- 
rocal readings  equals  twice  the  sum  of  the  first  and  second 
of  the  errors,  —  that  is,  the  sum  of  the  collimation,  level,  cur- 
vature, and  refraction  errors,  —  provided  that  these  quantities 
are  the  same  at  the  two  stations.  But  the  combined  curvature 
and  refraction  expressed  as  an  angle  is  nearly  proportional  to 
the  distance  between  the  points  of  observation,  while  the  col- 
limation and  level  errors  are,  of  course,  independent  of  this 
distance.  A  comparison  of  fifty-three  pairs  of  reciprocal  read- 
ings showed  that  the  collimation  and  level  errors  were  nearly 
equal  to  two  divisions  of  the  screw,  and  that  the  curvature 
and  refraction  equalled  about  one  division  for  each  kilometre 
of  distance  between  the  points  of  observation.    The  variation 
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for  different  stations  did  not  appear  to  exceed  the  other 
sources  of  error  enumerated  above. 

The  angular  value  of  one  division  of  the  micrometer  screw 
may  be  determined  from  the  observation  of  any  point  whose 
distance  and  height  above  the  instrument  are  known.  Obser- 
vations were  made  between  but  few  pairs  of  stations,  both  of 
which  had  hitherto  been  determined  with  sufficient  precision. 
It  was  decided,  therefore,  to  employ  all  pairs  of  observations 
which  served  to  determine  the  height  of  any  station  from  two 
others,  one  high  and  one  low,  provided  that  the  height  of 
these  last  had  been  determined  by  levelling. 

TABLE  I.  —  Stations  Occupied. 


No. 

Detlg. 

Name. 

Vert. 

Horis. 

CI. 
F 

Height. 

1 

^^mm 

Israel  River  Bridge    .... 

80 

27 

^MM 

2 

— 

Plaisted  House  (piazza) .    .    . 

65 

56 

D 

1396 

3 

— 

"            "       (window)    .    . 

241 

67 

D 

1406 

4 

— 

R.  R.  Bridge,  Lancaster      .    . 

43 

43 

F 

— 

5 

— 

Hill  near  Jefferson     .... 

32 

31 

F 

— 

6 

E.9.1 

105 

107 

D 

1683 

7 

— 

67 

62 

F 

— 

8 

D.  16.1 

Ball  (Boy)  Mountain      .    .    . 

75 

74 

D 

22.33 

0 

D.  12.1 

118 

115 

D 

3925 

10 

E.  4.2 

146 

135 

C 

8270 

11 

F.  3.1 

223 

215 

B 

5819 

12 

— 

Mt.  Pleasant  House    .... 

40 

34 

£ 

— 

13 

— 

Mrs.  Pendexter's,  N.  Conway 

71 

57 

F 

— 

14 

— 

20 

15 

A 

549 

15 

P.  1.1 

194 

178 

B 

3270 

16 

F.  9.1 

123 

109 

C  . 

4781 

17 

F.  6.1 

70 

66 

A 

6293 

18 

F.  4.1 

260 

208 

C 

5736 

19 

— 

Twin  Mountain  House   .    .    . 

64 

53 

F 

— 

20 

— 

18 

20 

F 

21 

1.1 

Mt.  Pemigewasset      .... 

76 

70 

D 

2561 

22 

J.  6.1 

185 

164 

C 

5269 

23 

J.  71 

172 

151 

C 

4472 

24 

M.  4.2 

139 

111 

E 

— 

25 

0.1.1 

200 

184 

B 

3217 

26 

0.  1.4 

87 

85 

B 

2788 

27 

Q.  1.1 

119 

113 

B 

8508 

28 

— 

Conway  Corner  Station .    .    . 

27 

24 

A 

466 

29 

M.  5.1 

155 

138 

E 

— 

30 

K.  4.1 

197 

190 

C 

4313 

81 

— 

53 

48 

E 

529 

32 

— 

7 

11 

E 

995 

83 

— 

Upper  Bartlett  Station   .    .    . 

28 

26 

A 

659 

84 

L.  14.1 

88 

80 

C 

2786 

35 

~"~ 

Thorn  Mountain  House .    .    . 

41 

87 

E 

^~ 
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The  rarious  stations  occupied  are  enumerated  in  Table  I., 
which  gives  in  successive  columns  a  number  for  reference, 
the  Appalachian  designation,  if  any,  for  the  station,  its  cur- 
rent name,  the  number  of  vertical  and  of  horizontal  angles 
measured  from  it,  and  a  letter  which  designates  the  class  to 
which  it  was  assigned  in  the  determination  of  its  height.  A 
indicates  that  the  height  was  determined  by  levelling.  B,  C, 
and  D  refer  to  the  classes  described  below  in  the  determination 
of  the  heights  of  the  occupied  stations.  E  is  applied  to  other 
stations  whose  positions  have  been  found,  but  whose  heights 
were  not  used  in  determining  the  heights  of  the  other  sta- 
tions. F  is  applied  to  those  stations  whose  positions  have 
not  yet  been  determined.  The  last  column  gives  the  height 
finally  adopted  for  each  Station.  A  further  description  of  the 
stations  is  given  below. 

1.  The  instrument  was  mounted  on  the  rail  of  the  bridge 
where  the  road  from  Jefferson  Hill  to  Cherry  Mountain 
crosses  Israel's  River. 

2.  Near  the  southern  corner  of  the  piazza  on  the  floor  of 
the  parlors. 

3.  Window  facing  southeast  of  the  room  in  the  eastern 
corner  of  the  second  story. 

4.  Fifty  yards  northeast  of  the  bridge  of  the  Boston,  Con- 
cord, and  Montreal  Railroad  over  Israel's  River  in  Lancaster. 

5.  Ledge  on  the  hill  about  two  miles  east  of  Jefferson  Hill. 
7.  Rock  on  the  hill-side  behind  Waumbek  House,  about  five 

hundred  feet  above  it. 

12.  Window  over  the  front  door  in  the  second  story. 

13.  Window-sill  in  the  second  story  of  the  house  two  hun- 
dred yards  west  of  Intervale  Station. 

14.  The  height  of  the  rails  at  this  station,  as  also  of  Nos. 
81,  82,  and  33,  was  furnished  by  the  courtesy  of  John  F. 
Anderson,  Esq.,  Chief  Engineer  of  the  Portland  and  Ogdens- 
burg  Railroad  Company.  They  have  been  diminished  by  five 
feet  to  reduce  them  to  the  sea-level  at  mean  tide.  The  fol- 
lowing elevations  above  mean  tide  are  derived  from  the  same 
source,  and  may  be  valuable  for  future  reference :  Line  of  Bart- 
lett  and  Hart's  Location,  744 ;  Crossing  of  Sawyer's  River,  860; 
Crossing  of  Nancy's  Brook,  969 ;  Water  station  at  Cow's  Brook, 
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1,455 ;  Station  for  the  Willey  House,  1,607 ;  Summit  of  grade 
at  Crawford's  Station,  1,902 ;  Fabyan  House,  1,571. 

15.  Two  stations  were  occupied,  as  the  house  on  the  top 
prevented  an  unobstructed  view. 

17.  Elevation  determined  by  the  United  States  Coast  Sur- 
vey (C.  S.  Report,  1870,  p.  90). 

19.  A  knoll  between  the  hotel  and  railroad. 

20.  Window-sill  in  the  Flume  House  facing  east  in  the 
second  story. 

24.  As  trees  partially  obstructed  the  view  from  the  top  of 
this  mountain,  the  Coast  Survey  signal  had  been  erected  a 
short  distance  from  the  summit.  The  station  occupied  was 
near  this.  Unfortunately  the  position  of  the  signal  had  not 
been  determined,  and  its  location  cannot  now  be  found.  As  it 
could  not  be  seen  from  a  distance,  reciprocal  readings  could 
not  be  obtained. 

28.  Elevation  determined  by  levelling  (a  Geology  of  New 
Hampshire,"  Vol.  I.  p.  265). 

29.  As  the  summit  of  this  mountain  was  wooded,  three  sta- 
tions were  occupied  on  it  at  some  distance  apart.  For  this 
reason  it  has  not  been  used  in  determining  the  heights  of  the 
other  stations. 

31.  See  No.  14.  Three  stations  were  occupied,  as  an  un- 
obstructed view  could  not  be  obtained  from  either  one.  For 
this  reason  it  has  not  been  used  in  determining  the  heights 
of  the  other  stations,  although  its  own  height  was  deter- 
mined by  levelling.  The  results  derived  from  it  by  a  prelim- 
inary computation  were  somewhat  discordant,  probably  from 
the  shortness  of  the  horizontal  distances  of  the  stations 
observed. 

32.  See  No.  14.  Not  used  in  determining  the  height  of 
the  other  stations,  although  its  own  height  was  determined 
by  levelling.  Its  position  had  not  been  determined  when  the 
computation  was  made,  and  No.  16  is  moreover  the  only 
station  visible. 

33.  See  No.  14. 

The  height  given  for  Mt.  Washington,  No.  17,  is  that  of 
the  Coast  Survey  bolt,  which  was  covered  by  a  cairn  at 
the  time  these  observations  were  made,  and  now  has  a  tower 
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erected  over  it.  It  is  assumed  to  be  the  same  as  the  appar- 
ent height  of  the  ground  around  the  hotel.  Sightings  were 
also  made  upon  the  ridge  of  the  hotel  from  ten  stations,  and 
on  the  top  of  the  chimney  connected  with  the  steam-boilers 
from  six  stations.  Giving  weights  proportional  to  the  dis- 
tances of  the  points  of  observation,  these  points  were  found 
to  be,  respectively,  36  and  41  feet  above  the  points  ob- 
served on  the  ground.  The  measures  from  Mt.  Adams  and 
Mt.  Jefferson  have  the  greatest  weights.  The  intervals  to  be 
measured  there  equalled  nearly  half  a  turn  of  the  screw. 

Nine  measures  of  the  cupola  of  the  house  on  Kearsarge 
(N.),  No.  15,  in  like  manner  gave  its  height  as  35  feet  above 
the  ground.    This  house  has  since  been  destroyed  by  fire. 

Table  II.  contains  the  material  from  which  the  angular  value 
of  one  division  of  the  screw  was  determined.  In  two  cases  only 
was  a  direct  measure  made  between  two  stations  both  of  which 
had  been  determined  by  levelling.  It  seemed  best,  therefore,  to 
include  all  those  cases  where  the  difference  between  two  such 
stations  could  be  determined  by  observations  made  to  or  from 
any  intermediate  station.  Calling  the  lower,  intermediate, 
and  upper  stations  L,  M,  and  N,  respectively,  all  cases  must  be 
considered  where  L  M  and  M  N  have  been  measured  by  the 
micrometer  level,  if  L  and  N  have  been  determined  by  level- 
ling. The  first  and  second  columns  of  Table  II.  give  the  names 
of  the  lower  and  intermediate  stations.  The  upper  station  was 
Mt.  Washington  in  each  case.  In  the  third  column  u  denotes 
that  the  observation  was  made  looking  up  from  the  lower  to  the 
intermediate  station,  d  that  the  observation  was  made  in  the 
opposite  direction.  When  observations  were  taken  from  each 
of  a  pair  of  stations,  two  lines  are  given  in  the  table,  since 
the  observations  were  made  on  different  days  and  are  wholly 
independent.  The  next  two  columns  give  the  number  of  meas- 
ures of  the  line  L  M,  and  the  mean  resulting  differences  in 
height,  assuming  from  a  preliminary  discussion  the  mean 
value  0.227  for  one  division  of  the  screw.  The  unit  is  such 
that  this  represents  the  fraction  of  a  foot  corresponding  to 
one  division  of  the  screw  at  a  distance  of  one  kilometre. 
The  next  two  columns  represent  the  number  of  measures  along 
the  line  MN,  and  the  resulting  difference  in  height.    All 
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of  these  measures  were  made  from  M  to  N,  and  none  in  the 
opposite  direction.  The  next  column  gives  the  difference  in 
height  of  L  and  N  as  determined  by  levelling,  and  the  last 
column  but  oue  gives  the  residual  found  by  subtracting  this 
difference  in  height  from  the  sum  of  L  M  and  M  N  given  in 
the  preceding  columns.  When  several  measures  are  made  of 
the  same  line  they  are  seldom  successive  settings  upon  the 
same  object.  They  are  generally  either  settings  upon  different 
points,  as  the  ridges  and  bases  of  the  hotel  on  Mts.  Washing- 
ton and  Kearsarge,  or  they  are  settings  taken  at  considerable 
intervals,  other  measures  being  made  meanwhile.  The  final 
column  gives  the  value  of  one  division  of  the  screw  derived 
from  each  measure. 

TABLE  IL  —  Fundamental  Altitudes. 


L. 

• 

M. 

D. 

U 

No 
4 

LMf 

No. 

MN. 

filer. 

Bm. 

Dir. 

Conway  Corner 

_ 

5836 

_ 

5827 

+9 

0.2274 

<<            K 

Adams 

u 

1 

5351 

3 

470 

i« 

-6 

0.2268 

tt                  n 

Ctiocorua 

u 

1 

3040 

2 

2777 

ft 

-10 

0.2266 

tt                  If 

Kearsarge  (N.) 

u 

3 

2814. 

8 

3032 

ff 

+19 

0.2278 

it                  If 

N.  Moat 

u 

1 

2746 

3 

3076 

ft 

-  5 

0.2269 

ff                  If 

S.  Moat 

u 

1 

2319 

1 

8503 

ft 

-5 

0.2269 

Intervale 

Kearsarge  (N.) 

u 

2 

2705 

8 

8032 

5744 

-7 

0.2268 

n 

f<            i< 

d 

1 

2713 

3 

«< 

«f 

+1 

02270 

tt 

N.  Moat 

u 

1 

2685 

3 

3076 

ft 

+17 

0.2274 

u 

if       ff 

d 

1 

2667 

8 

it 

tf 

-1 

0.2270 

«< 

S.  Moat 

u 

1 

2266 

1 

3508 

tt 

+25 

0.2280 

u 

if       f< 

d 

1 

2250 

1 

t< 

tt 

+9 

0.2272 

Upper  Bartlett 

Kearsarge  (N.) 

u 

1 

2599 

8 

3082 

5634 

-8 

0.2269 

The  first  measure  in  the  table  is  a  direct  observation  of 
Mt.  Washington  from  Conway  Corner.  As  no  intermediate 
station  was  used  the  columns  relating  to  M  are  left  blank.  A 
measure  of  Mt.  Washington  from  Glen  Station  gave  a  residual 
of  —  8,  and  the  resulting  value  of  one  division,  0.2268.  The 
mean  of  the  thirteen  values  given  in  the  last  column  of  the 
table  is  0.2269,  and  this  value  would  be  somewhat  increased 
if  we  give  greater  weight  to  the  observations  depending  upon 
the  greatest  number  of  settings.  The  value  0.227,  which  cor- 
responds to  the  angular  value  of  14."27  for  one  division  of 
the  micrometer,  has  therefore  been  adopted. 

The   heights   of  the   intermediate   stations   contained   in 
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Table  IL  are  determined  with  considerable  accuracy,  since 
each  of  them  has  been  compared  directly  with  a  station 
above,  and  at  least  one  below,  whose  heights  have  been  de- 
termined by  levelling.  These  stations  are  designated  as  B  in 
Table  I.  From  Classes  A  and  B  the  heights  of  several  other 
stations  may  be  determined;  these  form  Class  C.  Class  D 
in  like  manner  is  formed  from  A,  B,  and  C.  All  the  more 
important  stations  are  included  in  this  list,  except  Nob.  24 
and  29,  regarding  which  some  uncertainty  exists.  Several 
of  these  heights,  however,  depend  upon  a  small  number  of 
measures,  and  the  accidental  errors  are  likely  to  be  increased 
by  the  fact  that  they  are  connected  with  the  levelled  station 
only  through  one  or  two  intermediate  stations.  A  second 
approximation  has  therefore  been  made  by  determining  the 
height  of  each  station  in  B,  C,  and  D  from  each  of  the  observa- 
tions connecting  it  with  the  stations  A,  B,  C,  and  D,  adopting 
the  values  just  found  for  the  stations  B,  C,  and  D,  and  using 
the  levelled  heights  of  A.  The  mean  of  these  gave  a  third 
approximation  to  the  heights  of  these  stations.  A  fourth 
approximation  was  made  in  the  same  way,  but  did  not  alter 
the  previous  values  by  a  sensible  amount. 

The  results  of  the  successive  determinations  of  the  heights 
of  the  stations  in  Classes  B,  C,  and  D  are  contained  in 
Table  III.  The  successive  columns  give  the  number  of  the 
station,  its  name,  the  number  of  readings  employed  in  the 
first  approximation,  the  deduced  altitude,  the  average  devia- 
tion in  feet  of  the  separate  results,  and  the  probable  error  of 
the  mean  in  feet.  The  correction  required  by  the  second 
approximation  is  given  in  the  next  column,  a  negative  sign 
denoting  that  the  first  result  appeared  to  be  too  large.  The 
corrections  required  by  the  third  and  fourth  approximations 
are  given  in  the  next  two  columns.  The  last  four  columns 
relate  to  the  value  of  the  height  finally  adopted.  They  give 
the  number  of  settings,  their  mean  result,  the  average  devia- 
tions of  the  separate  readings,  and  the  probable  error  of  the 
mean  as  indicated  by  the  accordance  of  the  individual  values. 
The  three  classes  B,  C,  and  D  are  placed  in  successive  por- 
tions of  the  table,  and  each  is  followed  by  a  line  giving  the 
means  of  certain  of  the  columns. 
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TABLE  111.  —  Hwohts  of  Static**, 


Class  B. 

Ho 

11 
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L 
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18 

P.M. 
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it 
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0 
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37 
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Mean 
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in 
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_, 
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«■> 

1ft 
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K4 
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0 

ay 
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1  " 

1- 

H 
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OK 
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fl 

0 

24 
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«n 

11 

M 
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17 
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*H 

-« 

1) 

81 
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V1 

aa 
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H 
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41 

-1 

It 
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10 
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1) 
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N 
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0 

in 
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- 
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OS 

22 
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-1 
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-I 
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0 

11 
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0 

i.i 
10 

awi 

Ins 

4.1 

M"° 

9A 

- 

0.3    2.0 

O.i  > 

OH 

0.0 

8.1 

fcl 

An  examination  of  this  table  shows  that  the  successive 
approximations  give  a  rapid  approach  to  the  final  value.  The 
mean  values  in  feet  of  all  the  numbers  contained  in  Columns 
II.,  III.,  and  IV.  are  2.9, 0.6,  and  0.2.  Another  approximation 
would  not  change  any  of  the  adopted  values  by  one  foot  The 
total  number  of  settings  in  the  table  is  S57  and  of  stations  17, 
or  an  average  of  21  to  each  station.  The  average  deviation  of 
the  separate  results  has  a  mean  value  of  very  nearly  9  feet, 
and  the  probable  error  of  a  mean  elevation  is  2  feet. 

To  show  the  degree  of  accordance  indicated  by  Table  HI., 
the  observations  of  one  station,  North  Moat,  are  given  more 
fully  in  Table  IV.    A  number  for  reference  is  followed  by  the 
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number  and  name  of  each  station  serving  to  determine  the 
height  of  North  Moat,  the  resulting  altitude,  and  the  residual 
found  by  subtracting  the  mean  value  3,217. 


TABLE  IV.  —  North  Moat. 


Kg 

D-. 

Nun., 

,,., 

Ba*. 

No.    Dei. 

Num. 

*„ 

,,. 

~ 

11 

Adams 

3263 

- ::,', 

tt\  28 

S.  Moat 

8220 

+8 

2 

8224 
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8214 

3 

14 
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-n 

i 
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H7 
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5 

16 
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g 

£1 
22 
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-1 

7 
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12 

23 

3221 

+4 

B 
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24 

8220 

+12 

B 

13 

Pkasnnt 

3231 

+1* 

26 

28 

Conway  Comer 

8212 

-6 

10 

3231 

+14 

26 

80 

Willey 

8208 

-0 

II 

8209 

-8 

27 

8208 

H 

12 

17 

Washington 
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J* 

82K5 

+18 

13 

8222 

+6 

20 

84 

3220 

+B 

1-1 

8222 

+0 

80 

8210 

-7 

)--■ 

22 

Lafayette 

8282 

+16 

31 

8210 

-7 

id 

8207 

-10 

Readings  2,  4,  7,  8, 11,  16,  18,  24,  25,  28,  80,  and  31  were 
made  upon  North  Moat  from  the  station  named  in  the  third 
column.  The  other  readings  were  made  from  North  Moat. 
No.  5  was  made  upon  the  cupola  of  the  house  on  Kear- 
sarge  (N.),  and  No.  12  on  the  ridge  of  the  house  on  Mt.  Wash- 
ington. The  first  approximation  of  3,220  feet,  as  given  in  the 
fourth  column  of  Table  III.,  was  derived  from  Nos.  8,4, 12, 
13, 14,  and  25. 

Three  series  of  observations  were  made  from  the  Plaisted 
House.  One,  from  the  piazza.  Station  No.  2,  included  the 
greater  portion  of  the  view  not  cut  off  by  Mt.  Starr  King. 
The  second  from  the  window,  Station  No.  8,  included  a 
large  number  of  points  upon  the  Mt.  Washington  Range. 
The  third,  also  from  Station  No.  3,  is  the  only  one  included  in 
Table  III.  Eight  series  of  observations  were  made,  on  seven 
different  days,  to  determine  the  effect  of  the  variations  in  the 
atmospheric  refraction,  and  other  sources  of  error.  In  all,  171 
settings  were  made  on  twenty-seven  objects.  On  taking 
residuals  four  were  found  to  bo  discordant,  and  to  give  the 
values  of  + 10,  —  6,  + 11,  and  — 10  divisions  of  the  micrometer. 
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Three  of  these  occurred  in  the  second  series.  All  were  prob- 
ably due  to  errors  of  reading  of  the  screw-heads,  and  were 
doubtless  due  to  carelessness.  Of  the  other  residuals  but  one, 
which  equals  3,  exceeds  two  divisions.  The  average  value  of 
all  the  residuals  is  0.86,  or,  rejecting  the  four  discordant  read- 
ings, 0.60.  One  division  varies  from  two  to  seven  feet,  ac- 
cording to  the  distance  of  the  object.  Its  average  value  is 
about  4.5  feet.  A  considerable  portion  of  the  remaining  error 
is  caused  by  neglecting  the  tenths  of  a  division.  Evidently,  for 
the  distances  here  employed,  not  exceeding  twenty  miles,  the 
variations  from  day  to  day  are  inappreciable. 

Table  V.  gives  separate  residuals  for  the  seven  occupied 
stations  observed  from  the  Plaisted  House.  The  number  and 
name  of  the  station  are  followed  by  its  distance  in  kilometres, 
the  corresponding  value  of  one  division  in  feet,  the  mean 
reading,  and  the  residuals  found  by  subtracting  this  mean  from 
the  individual  measures.  The  residuals  are  expressed  in  feet, 
negative  residuals  being  indicated  by  Italics.  The  separate 
readings  for  Owl's  Head  would  therefore  be  9.31,  9.31,  9.32, 
9.31,  9.31,  9.29,  and  9.31.  The  last  three  columns  give  the 
deduced  difference  in  height ;  the  height  of  the  Plaisted  win- 
dow, found  by  subtracting  this  difference  from  the  adopted 
heights  of  the  various  stations  given  in  Table  III. ;  and  finally, 
the  residuals  found  by  subtracting  the  mean  height,  1,406, 
from  the  separate  determinations. 

TABLE  V.  — 8.  Plaisted  Housb  (Window). 


No. 

Name. 

Dist 

IDiT. 

Rdg. 

Redd. 

Diff. 

Bier. 

Bes. 

10 

Owl's  Head 

8.05 

1.96 

9.31 

OOlOOfO 

1846 

1426 

+20 

11 

Adams 

17.85 

4.05 

10.71 

007012110 

4421 

1400 

-6 

16 

Pleasant 

21.7 

4.93 

6.61 

12*10021 

3376 

1404 

-2 

17 

Washington 

20.97 

4.76 

10.11 

061100 

4921 

1407 

+1 

18 

Jefferson 

17.60 

3.97 

10.72 

00012102 

4338 

1401 

-5 

22 

Lafayette 

31.3 

7.11 

5.10 

01022*001021 

3860 

1408 

+2 

30 

WUley 

26.05 

5.92 

4.65 

200011001 

2915 

1394 

-12 

It  will  bo  seen  that  the  errors  of  the  individual  readings  are 
far  less  than  the  systematic  errors  affecting  the  whole.  Thus 
the  separate  values  of  the  height  as  deduced  from  the  settings 
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upon  Owl's  Head,  are  1,426, 1,426, 1,424, 1,426, 1,426, 1,430, 
and  1,426,  since  one  division  equals  1.96  feet,  and  a  positive 
residual  denotes  a  large  reading,  and  consequently  a  large  dif- 
ference in  height  of  the  two  stations.  As  these  values  are 
all  much  in  excess  of  those  given  by  the  other  stations,  it  is 
probable  that  the  assumed  distance  of  Owl's  Head  is  a  little 
too  great,  or  that  some  other  similar  error  affects  them  all. 

Where  values  had  been  adopted  for  the  heights  of  the  occu- 
pied station,  the  reduction  of  the  various  measures  was  easily 
effected. 

The  original  readings  of  the  micrometer  screw  were  cor- 
rected for  the  position  of  the  axis  of  the  instrument  and  level, 
by  subtracting  the  readings  when  the  bubble  was  in  the  cen- 
tre of  the  tube.  A  correction  was  at  the  same  time  applied 
for  the  inclination  of  the  axis,  when  level  readings  in  differ- 
ent azimuths  showed  that  this  was  required.  All  these  cor- 
rected readings  were  written  in  journal  form,  placing  together 
all  the  observations  taken  from  a  given  point.  Ledgers  were 
next  prepared,  which  were  formed  while  making  the  map, 
bringing  together  all  the  readings  upon  a  given  object,  and 
entering  the  name  of  the  station  from  wjiich  the  observation 
was  made,  and  its  distance  in  kilometres  and  hundredths. 
The  identification  of  the  point  was  secured  from  the  horizon- 
tal angle.  The  micrometer  readings  were  next  increased  by 
two  divisions,  to  correct  for  the  collimation  and  level  errors, 
and  by  a  number  of  divisions  equal  to  the  distance  in  kilo- 
metres, to  correct  for  the  curvature  of  the  earth  and  refrac- 
tion. The  distance  in  kilometres  was  next  multiplied  by 
0.227,  which  gave  the  value  in  feet  of  one  division  of  the 
screw,  at  a  distance  equal  to  that  of  the  observed  point.  The 
product  was  then  multiplied  by  the  corrected  micrometer 
reading,  and  gave  the  height  of  the  observed  point  above  the 
instrument.  Adding  to  this  the  height  of  the  station  occupied 
gave  the  required  height  of  the  observed  point.-  The  sim- 
plicity of  the  operation  is  shown  by  the  formula 

A  =  0.227  ft  O  -  I  +  2  +  ft)  +  B, 

in  which  A  is  the  required  height,  ft  the  distance  in  kilo- 
metres, r  the  original  reading  of  Hie  micrometer,  I  its  reading 


HEIGHTS  OF  THE  WHITE  MOUNTAINS. 


317 


when  the  bubble  is  level,  and  B  the  height  of  the  occupied 
station. 

The  actual  process  is  shown  in  Table  VI.,  which  gives  the 
determination  of  the  points  measured  on  J.  3,  Mts.  Bond 
and  Guyot.  The  figures  are  copied  directly  from  the  origi- 
nal computation,  which  was  made  nearly  in  this  form.  The 
successive  columns  give  the  number  and  name  of  the  sta- 
tion from  which  the  observation  was  made,  the  distance  in 
kilometres,  and  the  original  reading  after  correcting  it  for  the 
level.  The  next  column  gives  the  reading  corrected  for  curva- 
ture, refraction,  collimation,  and  level  by  adding  to  it  two  plus 
the  number  representing  the  distance  in  kilometres.  The  sixth 
column  gives  the  distance  in  kilometres  multiplied  by  0.227, 
and  equals  the  value  in  feet  of  one  division  of  the  micrometer 
head  at  that  distance.  The  product  of  the  fifth  and  sixth  col- 
umns is  given  in  the  seventh  column,  after  multiplying  by  100. 
The  next  column  gives  the  assumed  height  of  the  point  of  ob- 
servation taken  from  Table  I.  The  sum  of  these  two,  or  the 
corrected  height,  is  given  in  the  ninth  column ;  and  the  last 
column  gives  the  residual  fpund  by  subtracting  the  mean  value 
from  the  individual  values.  This  mean  value  is  given  in  the 
heading  following  the  name  of  each  object  observed. 

Two  additional  measures  were  made,  one  from  Mt.  Pleasant, 
the  other  from  Mt.  Jefferson.  The  azimuth  was  nearly  that 
of  J.  8.4,  but  the  altitude  showed  that  a  nearer  point  on  the 
main  ridge  was  probably  observed. 

TABLE  VI.  — Mtb.  Boitd  and  Gutot. 


No. 

Name. 

Dbt. 

Rdg. 

Corr. 
Rdg. 

IDiT. 

Diff. 
KkT. 

ElOT. 
B*M. 

Her. 

Rtt. 

J.  ai.    Bond.    4700. 

■ 

18 

Jefferson 

28.87 

-2.16 

-1.90 

5.42 

1080 

6786 

4706 

-3 

22 

Lafayette 

9.08 

-2.79 

-2.68 

2.05 

549 

5269 

4720 

+11 

n 

•I 

a 

-2.79 

-2.68 

t< 

549 

a 

4720 

+11 

25 

N.  Moat 

28.58 

+2.04 

+2.84 

6.86 

1488 

8217 

4705 

-4 

26 

S.  Moat 

80  83 

+2.40 

+2.78 

7.00 

1911 

2788 

4699 

-10 

80 

Willey 

9.86 

+178 

+1.84 

2.12 

890 

4812 

4702 

-7 

U 

u 

tt 

+1.76 

+1.87 

<< 

896 

tt 

4708 

-1 
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TABLE  VI.  Continued.  —  Mtb.  Bond  and  Gutot. 


No. 


Name. 


Diflt 

Bdg. 

Corr. 
Rdg. 

IDiT. 

Diff. 

ElOT. 

Eler. 
Ban. 

Eler. 

Bef. 


J.  3.1  b.    N.  Bond.    4676. 


15 

18 

22 

23 

25 

30 
tt 


Kearsarge  (N.) 

Jefferson 

Lafayette 

Liberty 

N.  Moat 

WiUey 


u 


35  42 

+1.37 

+1.74 

8.04 

1399 

3270 

4669 

23.80 

-2.24 

-1.98 

5.40 

1069 

5736 

4667 

8.84 

-2.94 

-2.83 

2.01 

669 

6269 

4700 

0.68 

+0.80 

+0.92 

2.20 

202 

4472 

4674 

28.31 

+1.96 

+2.26 

6.43 

1463 

8217 

4670 

9.43 

+1.68 

+1.69 

2.14 

362 

4312 

4674 

tt 

+1.69 

+1.70 

tt 

864 

u 

4676 

-7 
-9 
+24 
-2 
-6 
-2 
0 


J.  3.2.    S.  Gutot.    4588. 


15 
16 
18 
22 
25 
30 


Kearsarge  (N.) 

Pleasant 

Jefferson 

Lafayette 

N.  Moat 

Willey 


tt 


35.90 

+1.26 

+1.63 

8.15 

1328 

3270 

4598 

16.95 

-0.72 

-0.63 

8.85 

204 

4781 

4577 

,23.19 

-2.45 

-2.20 

656 

1167 

5736 

4579 

8.56 

-8.60 

-3.49 

1.94 

677 

5269 

4592 

29.09 

+1.76 

+2.06 

6.60 

1360 

3217 

4577 

9.37 

+1.15 

+1.26 

2.13 

268 

4812 

4580 

41 

+1.15 

+1.26 

<< 

268 

t* 

4580 

+16 
-6 

-4 
+9 
-6 
-3 
-3 


J.  3.3.    N.  Gutot.    4689. 


15 

16 

22 

25 

26 

30 
n 


Kearsarge  (N.) 
Pleasant 
Lafayette 
N.  Moat 
S.  Moat 
Willey 


35.70 

+122 

+1.60 

8.10 

1296 

8270 

4566 

16.64 

-0.68 

-0.49 

3.77 

185 

4781 

4596 

8.82 

-8.43 

-3.32 

2.00 

664 

5269 

4605 

28.99 

+1.77 

+2.08 

6.68 

1867 

3217 

4584 

31.87 

+2.14 

+2.48 

7.23 

1793 

2788 

4581 

9.10 

+1.27 

+1.38 

2.07 

286 

4312 

4598 

tt 

+1.25 

+1.86 

u 

282 

tt 

4694 

J.  8.4. 


4528. 


22  Lafayette 

23  Liberty 
25  N.  Moat 
27  Chocorua 


J.  3.5.    S.  Bond.    4279. 


15  Kearsarge  (N.) 

22  Lafayette 

23  Liberty 
25  N.  Moat 
27  Chocorua 
80  Willey 
84  Iron 


35.75 
8.55 
8.53 
28.16 
29.70 
10.68 
24.05 


+0.86 
-5.20 
-1.18 
+1.36 
+0.84 
-0.25 
+2.56 


+1.24 
-5.09 
-1.02 
+1.65 
+1.16 
-0.12 
+2.82 


8.11 
1.94 
1.94 
6.39 
6.74 
2.40 
6.46 


1006 
967 
196 

1054 

782 

29 

1640 


3270 
6269 
4472 
8217 
8606 
4812 
2706 


4276 
4282 
4274 
4271 
4290 
4288 
4276 


-23 

+7 
+16 
-5 
-8 
+9 
+6 


7.76 

-4.30 

-4.20 

1.76 

739 

5269 

4530 

8.67 

+0.19 

+0.30 

196 

68 

4472 

4530 

2920 

+1.66 

+1.96 

6.63 

1299 

3217 

4516 

31.07 

+1.13 

+1.46 

7.05 

1029 

8508 

4537 

+2 

+2 

-12 

+9 


+8 
-5 
-6 

+11 

+4 
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TABLE  VI.—  Concluded. 


No. 

Name. 

Di*t. 

Bdg. 

Corr. 
Bdg. 

lDir. 

Dig 
Eler. 

Eler. 
Baw 

Eler. 

Res. 

J.  3.6.    8904. 

18 
22 
23 
30 

Jefferson 
Lafayette 
Liberty 
Willey 

26.10 
8.50 
8.04 

11.20 

-3.40 
-7.08 
-3.23 
-1.73 

-8.12 
-6.98 
-8.13 
-1.60 

5.92 
1.93 
1.83 
2.54 

1847 

1347 

573 

406 

5736 
5269 
4472 
4312 

8889 
3922 
8899 
3906 

-15 

+18 
-5 

+2 

The  heights  of  a  large  number  of  points  were  determined 
by  the  micrometer  level.  A  portion  of  the  readings  has 
been  reduced,  some  of  the  objects  not  having  been  iden- 
tified, and  the  horizontal  positions  of  others  not  having  been 
determined  as  yet.  Table  VII.  gives  the  altitudes  of  those 
points  which  have  been  determined  by  measurements  from 
a  sufficient  number  of  stations  to  warrant  their  publication. 
The  first  column  gives  the  Appalachian  designation  of  the 
point,  the  second  its  name,  and  the  third  the  number  of  sta- 
tions from  which  the  height  is  determined.  The  fourth  col- 
umn gives  the  mean  value  of  the  height,  and  the  fifth  its 
probable  error  as  indicated  from  the  accordance  of  the  indi- 
vidual readings. 

TABLE  VIL  — Adopted  Heights. 


Deslg. 

Name. 

No. 
5 

Height 

P.B. 
1 

Defig. 

Name. 

No. 
22 

Height 

P.S. 
1 

D.    4.2 

Pilot 

3788 

E.    4.2 

Owl's  Head 

3270 

6.2 

8 

4186 

3 

5.2  b 

2 

1836 

0 

11.1 

8 

8016 

1 

7.2 

Dalton 

2 

2181 

2 

12.1 

Starr  King 

16 

3925 

1 

9.1 

Bray's  Hill 

10 

1633 

2 

12.3 

<<         u 

2 

3632 

1 

F.    2.1 

Madison 

8 

5381 

4 

12.3  b 

U                 it 

5 

3325 

2 

3.1 

Adams 

27 

5810 

1 

13.1 

• 

6 

4046 

4 

3.2 

U 

4 

5615 

7 

13.2 

5 

4033 

2 

3.8 

ti 

8 

5431 

5 

14.1 

Pliny 

8 

3651 

6 

3.4 

it 

4 

5386 

6 

16.1 

Ball 

10 

2283 

3 

4.1 

Jefferson 

24 

6736 

1 

18.1 

Crescent 

4 

3322 

3 

6.1 

Clay 

0 

5554 

4 

18.2 

f« 

3 

3246 

5 

62 

u 

5 

5535 

2 

E.    1.1 

Dartmouth 

6 

3768 

8 

5.2  b 

a 

7 

5514 

2 

1.5 

Mitten 

2 

3118 

8 

5.2  c 

tt 

4 

5507 

3 

3.1 

Deception 

7 

3701 

2 

6.1 

Washington 

— 

6298 

— 

3.2 

u 

4 

3722 

2 

6.2 

Boott's  Spur 

4 

5520 

4 

3.3 

<< 

4 

3638 

8 

7.1 

Monroe 

6 

6807 

8 

4.1 

Cherry 

0 

3600 

2 

7.1b 

u 

12 

5875 

6 
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TABLE  VU.  —  Continued. 


Deeig. 

Name. 

No. 
13 

Height 

P.B. 

8 

Derig. 

Name. 

No. 
6 

Height 

1 
P.* 

1 

F.    7.2 

Monroe 

6216 

K.   2.1 

Tom 

4078 

8.1 

Franklin 

6 

4928 

2 

8.1 

Field 

11 

4855 

1 

8.2 

« 

3 

6013 

8 

3.2 

<( 

2 

3760 

2 

0.1 

Pleasant 

27 

4781 

1 

4.1 

Willey 

21 

4313 

2 

9.1b 

<< 

8 

4499 

8 

4.1b 

« 

5 

4242 

4 

10.1 

Clinton 

7 

4331 

1 

6.1 

Nancy 

9 

3944 

2 

11.1 

Jackson 

7 

4076 

4 

6.2 

tt 

8 

3742 

2 

12.1 

Webster 

7 

8928 

2 

7.1 

Anderson 

8 

3748 

2 

G.    2.1 

Bald 

5 

3762 

4 

8.1 

Lowell 

7 

3765 

3 

3.1 

Moriah 

4 

4066 

4 

9.1 

Carrigain 

15 

4701 

1 

6.1 

Carter 

4 

4573 

2 

9.2 

« 

7 

4276 

3 

6.2 

i« 

5 

4614 

2 

9.3 

it 

6 

3886 

4 

6.3 

« 

8 

4660 

4 

9.4 

tt 

9 

4435 

4 

6.8  b 

a 

4 

4640 

8 

L.    4.1 

Giant  Stairs 

4 

3512 

2 

6.4 

tt 

8 

4468 

1 

5.1b 

Resolution 

8 

8486 

1 

6.1 

Carter  Dome 

0 

4866 

4 

6.1 

Crawford 

5 

3180 

6 

6.2 

u         it 

8 

4711 

8 

8.2 

Parker 

5 

8016 

6 

H.    1.1 

S.  Baldface 

8 

3590 

2 

9.2 

Langdon 

8 

2489 

3 

1.2 

N.  Baldface 

8 

3608 

2 

14.1 

Iron 

10 

2786 

8 

1.6 

4 

2964 

2 

M.  1.1 

Wildcat 

7 

4428 

8 

1.5  b 

6 

2896 

3 

1.1b 

" 

3 

4384 

2 

2.1 

Eastman 

9 

3669 

8 

1.2 

« 

5 

4284 

2 

8.1 

Sable 

7 

3877 

4 

1.3 

tt 

8 

4097 

6 

4.1 

Royce 

6 

3117 

4 

4.1 

N.  Doublehead 

8 

8072 

8 

4.2 

« 

4 

8219 

6 

4.2 

S  Doublehead 

5 

2946 

8 

L     1.1 

Cannon 

5 

4107 

8 

4.2  b 

u                  u 

5 

2960 

3 

1.2 

u 

2 

8898 

7 

N.    1.1 

Hancock 

6 

8906 

9 

2.2 

Kinsman 

8 

4877 

7 

1.2 

M 

6 

4284 

4 

2.5 

Pemigewasset 

6 

2661 

4 

1.3 

tt 

4 

4259 

4 

4.1 

MoosUauke 

13 

4810 

8 

1.4 

tt 

8 

4484 

3 

J.    1.1 

Hale 

8 

4102 

7 

1.5 

tt 

6 

4056 

8 

2.1 

N.  Twin 

11 

4788 

2 

2.1b 

Huntington 

4 

3731 

3 

2.1c 

u             It 

4 

4626 

2 

2.2 

u 

4 

3728 

2 

2.1  d 

it           tt 

5 

4316 

2 

2.3 

tt 

3 

8820 

8 

2.1  e 

It         tl 

2 

8808 

0 

4.1 

Scar  Ridge 

6 

8815 

4 

2.2 

S.  Twin 

10 

4922 

2 

4.1b 

a        *« 

4 

8586 

5 

2.2  b 

«        « 

3 

4801 

6 

4.2 

n        it 

6 

8816 

4 

2.4 

<<        « 

7 

4741 

8 

6.1 

Osceola 

10 

4204 

7 

2.6 

a        i< 

4 

4682 

8 

6.2 

u 

12 

4862 

2 

3.1 

Bond 

7 

4709 

2 

6.4 

tt 

7 

4269 

2 

8.1b 

(< 

7 

4676 

2 

5.6 

$t 

8 

4162 

2 

8.2 

S.  Guyot 

7 

4688 

2 

5.6 

a 

6 

8661 

2 

3.3 

N.  Guyot 

7 

4589 

4 

6.7 

u 

6 

8668 

8 

3.4 

W.  Bond 

4 

4528 

3 

8.1 

Tecumseh 

7 

4006 

1 

8.6 

S.  Bond 

7 

4279 

2 

O.    11 

N.  Moat 

81 

8217 

2 

3.6 

4 

8904 

5 

1.2 

Red  Ridge 

6 

2787 

6 

4.1 

Haystack,  or 
Garfield 

1.8 

Bear  Peak 

6 

2807 

4 

8 

4520 

8 

1.4 

S.  Moat 

20 

2788 

<2 

6.1 

Lafayette 

81 

6269 

2 

2.1 

Attitash 

2 

2616 

0 

6.1b 

u 

9 

6021 

4 

8.1 

6 

2986 

8 

6.2 

N.  Lafayette 

8 

6076 

4 

3.2 

Table 

4 

2726 

7 

6.3 

Lincoln 

18 

6098 

2 

8.4 

■ 

8 

2949 

8 

7.1 

Liberty 

20 

4472 

2 

3.6 

ej 

8 

2968 

2 

8.1 

Flame 

6 

4840 

8 

4.1 

Bear 

6 

8267 

4 

11.1 

Agassiz 

6 

2401 

6 

4.1b 

«« 

4 

8271 

2 

11.2 

Round  Hill 

4 

2442 

9 

4.2 

M 

8 

8226    2 
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TABLE  VII.  —  Concluded. 


Mg. 

Num. 

No. 
3 

Bright 
8004 

P.R 
4 

Dedg. 

Num. 

No. 
9 

Height 

P.B. 
2 

0.   4.8 

Bear 

3.1 

Passaconaway 

4116 

6.1 

Silver  Spring 

8 

3001 

3 

82 

«i 

4 

8402 

6 

6.1 

Treniont 

7 

3899 

4 

4.1 

Whiteface 

8 

4057 

8 

6.2 

<< 

5 

8307 

8 

4.2 

« 

7 

4008 

5 

6.3 

n 

6 

3010 

5 

6.1 

Tripyramid 

8 

4189 

1 

7.1 

Green's  Cliff 

4 

2972 

4 

6.2 

«< 

8 

3684 

5 

P.    1.1 

Kearsarge  (N.) 

46 

3270 

1 

6.3 

«< 

10 

4155 

3 

1.2 

Bartlett 

'6 

2660 

6 

6.4 

a 

8 

4189 

2 

1.6 

8 

2628 

7 

6.5 

u 

5 

3935 

8 

Q.    1.1 

Cbocorua 

30 

3508 

1 

6.6 

« 

6 

3908 

8 

1.3 

t* 

8 

8376 

5 

6.7 

Kancamagus 

4 

3774 

2 

1.4 

« 

8 

8354 

3 

8.1 

Sandwich 

1.5 

<< 

6 

8287 

5 

Dome,  or 

6 

3999 

3 

2.1 

Paugus 

7 

3248 

6 

8.2 

Black 

6 

8990 

1 

In  the  preparation  of  this  table  it  appeared  that  numerous 
additional  heights  could  be  given  if  the  height  of  Station  No.  29 
on  Thorn  Mountain  was  known.  It  was  accordingly  deduced 
from  readings  on  fifty-four  other  points,  most  of  them  not 
occupied  stations.  The  mean  of  these  values  was  2,283  feet, 
with  an  average  deviation  of  10.7  feet,  and  a  probable  error  of 
1.3  feet.  This  was  adopted  as  the  height  of  the  station  on  the 
western  ledge,  and  not  of  the  top  of  the  mountain. 

To  Mr.  Edmands  I  am  indebted  for  much  assistance  in  rela- 
tion to  the  horizontal  distances  and  identifications  involved  in 
this  work. 

Prom  Table  Vll.  it  appears  that  the  principal  group  of  the 
White  Mountains  is  that  culminating  in  Mt.  Washington, 
6,293  feet.  It  also  contains  Mt.  Adams,  5,819 ;  Mt.  Jefferson, 
5,736 ;  Mt.  Clay,  5,554 ;  Mt.  Monroe,  5,396 ;  Mt.  Madison, 
5,381 ;  Mt.  Franklin,  4,923 ;  Mt.  Pleasant,  4,781 ;  Mt.  Clinton, 
4,331 ;  Mt.  Jackson,  4,076 ;  and  Mt.  Webster,  3,930  feet.  The 
Franconia  group  contains  Mt.  Lafayette,  5,269 ;  Mt.  Lincoln, 
5,098 ;  Mt.  Liberty,  4,472  ;  Mt.  Flume,  4,340 ;  and  Haystack,  or 
Mt.  Garfield,  4,520  feet.  The  Twin  Range  contains  S.  Twin, 
4,922 ;  N.  Twin,  4,783 ;  Mt.  Bond,  4,709 ;  Mt.  Guyot,  4,589  feet. 
The  Carter  Range  contains  Carter  Dome,  4,856 ;  Mt.  Carter, 
4,650 ;  and  Mt.  Moriah,  4,065  feet.  The  Whiteface  Range  con- 
tains Tripyramid,  4,189 ;  Mt.  Passaconaway,  4,116 ;  Whiteface, 
4,057 ;  and  Sandwich  Dome  (or  Black  Mountain),  3,999  feet. 
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Of  the  other  mountains,  may  be  mentioned  Mt.  Moosilauke, 
4,810 ;  Mt.  Carrigain,  4,701 ;  Mt.  Hancock,  4,434 ;  Mt.  Wildcat, 
4,428;  Mt.  Kinsman,  4,377;  Mt.  Field,  4,355;  Mt.  Osceola, 
4,352 ;  Mt.  Willey,  4,313 ;  Mt.  Starr  King,  3,925 ;  Cherry  Moun- 
tain, 3,600 ;  Mt.  Chocorua,  3,508 ;  Mt.  Kearsarge  (N.),  3,270 ; 
and  N.  Moat,  3,217  feet. 
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REPORT. 


To  the  President  of  the  University  : 

Sir,  —  The  munificence  of  the  late  Robert  Treat  Paine  has  now 
begun  to  provide  the  encouragement  which  he  desired  to  give  to  the 
science  of  astronomy.  The  sum  of  $164,198,  comprising  about  half  of 
his  bequest,  has  been  received  by  the  Treasurer  of  the  University,  and 
the  income  of  this  fund  is  now  available  for  the  support  of  work  at 
this  Observatory.  The  previous  funds  available  for  that  purpose 
amounted  on  September  1,  1875,  to  $164,067,  and  on  September  1, 
1885,  to  $226,988.  On  September  1,  1886,  with  the  addition  of  the 
sum  received  from  Mr.  Paine's  estate,  they  had  risen  to  $398,046. 
This  increase  in  the  means  of  the  Observatory  will  ultimately  permit 
a  corresponding  extension  of  its  work,  but  for  the  moment  will  largely 
be  required  for  the  publication  of  observations  already  made,  and  for 
effecting  permanent  improvements  in  the  condition  of  the  institution 
which  have  long  been  urgently  needed.  Some  of  these  improvements 
have  alreadj*  been  undertaken,  but  others  will  soon  be  necessary. 
Among  these  one  of  the  most  important  is  the  remounting  of  the 
large  telescope  in  a  manner  conformable  to  that  provided  for  similar 
instruments  at  observatories  more  recently  founded.  The  telescope 
also  requires  eye-pieces  and  other  appliances  of  the  kind  now  gene- 
rally in  use.  The  question  of  a  new  building  must  also  soon  be  con- 
sidered. The  present  building  is  one  of  the  oldest  belonging  to  the 
University  beyond  the  limits  of  the  College  Yard.  In  many  respects 
it  is  not  adapted  to  the  demands  of  modern  astronomy,  and  will  in 
any  case  need  extensive  repairs.  The  principal  of  the  invested 
funds  of  the  Observatory  is  not  available  for  these  improvements, 
and  if  they  are  to  be  paid  for  from  the  income,  the  work  cannot  be 
completed  for  a  series  of  years  and  will  materially  interfere  with 
the  prosecution  of  any  new  researches.  It  is  therefore  to  be  hoped 
that  special  means  may  be  obtained  for  meeting  the  want  just 
mentioned. 

Another  method  in  which  any  new  funds  available  for  astronomical 
purposes  might  be  advantageously  employed  at  this  Observatory  has 
been  pointed  out  in  a  recent  pamphlet  on  the  extension  of  astronomi- 
cal research.     This   plan   contemplates  the   support  of  researches 


conducted  at  other  places  by  funds  administered  here.  If  the  project 
should  commend  itself  to  those  desirous  of  giving  further  encourage- 
ment to  astronomy,  it  is  confident^  expected  that  the  results  would 
be  very  large  as  compared  with  the  expenditure  required  to  obtain 
them ;  for  instruments  and  observers  now  idle  might  then  efficiently 
contribute  to  the  progress  of  science  in  various  parts  of  this  country 
or  of  the  world.  The  breadth  of  this  plan,  since  it  contemplates  aid- 
ing astronomy  in  general  rather  than  this  Observatory  in  particular, 
may,  it  is  hoped,  commend  it  to  those  who  have  not  hitherto  felt  a 
special  interest  in  Harvard  University,  but  who  may  desire  to  aid 
astronomical  science  in  the  most  effective  way. 

The  fund  of  $10,000  established  in  1871,  the  income  of  which  has 
hitherto  been  employed  in  the  payment  of  annuities,  has  recently  be- 
come available.  This  fund  will  form  an  important  addition  to  the 
means  of  the  Observatory,  especially  as  the  use  of  its  income  is 
unrestricted.  It  is  now  called  the  Augustus  Story  Fund,  and  its 
amount  on  September  1,  1886,  was  $13,380. 

The  resignation  of  Professor  William  A.  Rogers  has  deprived  the 
Observatory  of  a  valued  assistant  who  has  devoted  many  years  to 
laborious  astronomical  work.  Almost  all  of  the  observations  in  the 
extensive  investigations  conducted  with  the  Meridian  Circle,  since  its 
mounting  in  1870,  have  been  made  by  him  and  reduced  under  his 
direction.  Fortunately  an  arrangement  has  been  made  by  which  he 
will  still  retain  the  superintendence  of  this  work,  and  its  publication 
will  be  completed  as  soon  as  possible.  Three  volumes  of  the  Annals 
and  a  part  of  a  fourth  containing  these  observations  have  already 
been  published ;  and  three  or  four  more  will  be  required  to  complete 
their  publication. 

The  most  important  extension  of  the  work  of  the  Observatory  which 
has  recently  been  made,  was  effected  last  spr'ng  by  the  liberality  of 
Mrs.  Henry  Draper.  As  a  memorial  to  the  late  Professor  Henry 
Draper,  the  study  of  the  photography  of  stellar  spectra  undertaken 
by  him  is  now  being  carried  on  at  this  Observatory  on  a  scale 
appropriate  to  the  advance  in  this  department  of  science.  This 
work  will  be  considered  more  in  detail  in  the  following  description  of 
the  various  investigations  now  in  progress  here. 

East  Equatorial. 

Eclipses  of  Jupiter's  Satellites.  —  The  photometric  observation  of 
these  eclipses  has  been  continued  upon  the  system  adopted  in  1878. 
The  total  number  of  eclipses  thus  observed  is  now  three  hundred 
and  fifty-eight,  thirty-nine  of  which  have  occurred  since  the  end  of 
October,  1885. 


Comparison  Stars  for  Variables.  —  The  observation  of  these  stars 
with  the  wedge  photometer  has  been  continued  through  the  year  upon 
the  plan  described  in  the  last  report,  and  has  formed  the  principal 
work  of  the  instrument  whenever  its  use  for  some  special  purpose  was 
not  required.  All  observers  of  variable  stars  are  again  requested  to 
communicate  to  this  Observatory  the  comparison  stars  which  they 
have  employed,  so  far  as  these  are  not  already  contained  in  the  lists 
published  by  Argelander  and  others. 

New  Stars  in  Orion  and  Andromeda.  —  A  cable  message  announc- 
ing the  discovery  of  a  new  star  near  x1  Orionis  was  received  in  the 
afternoon  of  December  16,  1885.  After  transmitting  this  intelligence 
to  other  American  astronomers,  observations  were  at  once  commenced 
upon  the  new  object  and  continued  throughout  the  greater  portion  of 
the  night.  The  position  of  the  new  star  was  determined  with  the 
f  equatorial  and  meridian  circle  ;  its  brightness  was  measured  with  the 
wedge  photometer  and  the  meridian  photometer,  and  was  also  esti- 
mated. Its  spectrum  was  examined  with  the  large  equatorial.  Two 
photographs  of  the  star,  and  one  of  its  spectrum,  were  also  taken. 
The  results  of  these  observations  made  up  to  lh  30™  a.m.  on  December 
17th  were  at  once  communicated  to  the  press,  and  appeared  in  the 
newspapers  of  the  same  morning.  On  subsequent  nights  these  obser- 
vations were  repeated,  measures  being  made  with  the  meridian  circle 
on  seven  nights,  with  the  meridian  photometer  on  twenty  nights,  and 
with  the  wedge  photometer  on  eight  nights.  Photographs  were  taken 
of  the  region  containing  this  object  on  thirteen  nights.  The  absence 
of  the  star  from  one  of  these  showed  that  it  must  have  been  much 
fainter  on  November  9,  1885,  than  when  it  was  discovered  six  weeks 
later.     The  spectrum  was  also  photographed  on  five  nights. 

Observations  of  the  region  containing  the  temporary  star  in  the 
nebula  of  Andromeda  were  continued  until  January  7,  1886.  The 
total  number  of  dates  on  which  the  region  was  observed  was  twenty- 
three. 

Photographic  Experiments. —  The  East  Equatorial  was  frequently 
employed  during  the  year  in  experiments  upon  photographing  the 
spectra  of  stars.  Usually  a  prism  was  placed  before  the  object-glass 
of  the  instrument,  but  the  effect  was  also  tried  of  attaching  a  large 
spectroscope  to  the  tail-piece. 

Comets.  —  The  occasional  observation  of  comets  by  Mr.  Wendell 
has  continued,  as  in  former  years,  to  form  part  of  the  work  done  by 
the  East  Equatorial.  Comet  1885  V.  was  observed  on  five  nights ; 
comet  1886  I.  on  seven  nights ;  Barnard's  comet,  discovered  Decem- 
ber 3, 1885,  on  six  nights ;  the  three  comets  discovered  by  Brooks  on 
April  27,  April  30,  and  May  22,  1886,  were  respectively  observed  on 


four,  two,  and  two  nights ;  and  those  discovered  by  Finlay  and  by 
Barnard  on  September  26  and  October  4,  1886,  were  each  observed 
on  two  nights. 

Meridian  Circle. 

Owing  to  circumstances  explained  at  the  beginning  of  this  report, 
the  reduction  and  publication  of  work  already  done  with  this  instru- 
ment is  at  present  more  desirable  than  the  prosecution  of  new  series 
of  observations.  The  work  of  reduction  has  been  actively  continued 
through  the  year  and  has  resulted  in  the  publication  of  Volume  XV., 
Part  I.,  and  Volume  XVI.  of  the  Annals  of  the  Observatory.  The 
first  of  these  publications  contains  the  annual  results  for  the  funda- 
mental stars  observed  during  the  years  1870  to  1879,  inclusive,  and 
the  individual  results  for  the  years  1883  to  1886.  It  also  includes 
the  results  from  the  separate  observations  of  stars  belonging  to 
various  special  classes,  and  the  catalogue  of  1213  stars,  separately 
published  last  year.  • 

Volume  XVI.  contains  a  tabular  statement  of  the  instrumental  con- 
stants and  a  journal  of  the  observations,  beginning  with  the  mean 
results  obtained  in  right  ascension  and  declination  from  the  separate 
wires  and  microscopes,  and  resulting  in  the  place  of  the  star  for  the 
beginning  of  the  year  of  observation. 

The  second  part  of  Volume  XV.  will  contain  the  catalogue  of  the 
zone  stars,  and  will  be  printed  as  part  of  the  general  catalogue  of 
stars  in  the  northern  hemisphere  undertaken  by  the  Astronomische 
Gesellschaft.  The  completion  of  the  manuscript  has  been  delayed  by 
the  comparison  undertaken  between  the  results  obtained  here  and 
those  found  in  previous  catalogues. 

A  volume  corresponding  to  Volume  XVI.,  but  relating  to  the  zone 
stars  instead  of  to  the  fundamental  stars,  will  be  required  to  complete 
the  publication  of  the  zone  observations.  The  observations  for  abso- 
lute right  ascension  and  declination,  made  by  Professor  Rogers  during 
the  period  1879  to  1883,  inclusive,  will  furnish  material  for  a  separate 
volume,  which  will  complete  the  work  of  the  meridian  circle  still 
requiring  publication. 

Meridian  Photometer. 

During  the  year  ending  November  1,  1886,  209  series  of  meas- 
ures have  been  made  with  this  instrument  by  Mr.  Wendell  and 
myself.  The  total  number  of  separate  photometric  comparisons  is 
59,800.  The  corresponding  numbers  in  the  two  previous  years  are 
27,500  and  50,000.  The  instrument  continues  to  give  entire  satisfae* 
tion  and  leaves  little  to  be  desired  as  a  means  of  measuring  the  bright* 


ness  of  stars  of  the  ninth  magnitude  or  brighter.  It  possesses  various 
advantages  over  the  small  instrument  of  the  same  kind  employed  in 
the  Harvard  Photometry.  This  is  shown  in  the  average  deviation  of 
the  one  hundred  circumpolar  stars  employed  as  standards.  The  value 
of  this  quantity,  which  was  .16  of  a  magnitude  with  the  older  instru- 
ment, has  been  reduced  to  .12  with  the  present  instrument.  Fainter 
stars  are  measured  with  still  greater  accuracy,  the  average  deviation 
of  stars  from  the  fifth  to  the  ninth  magnitude  but  little  exceeding  a 
tenth  of  a  magnitude.  The  rapidity  of  the  observations  is  such  that 
179  stars  have  been  measured  by  a  single* observer  in  one  evening, 
four  settings  being  made  on  each  star.  The  rate  of  forty  stars  an 
hour  is  frequently  maintained  during  the  entire  evening,  and  when 
there  is  no  difficulty  in  identifying  the  stars,  the  rate  of  a  star  a 
minute  is  often  exceeded.  This  rapidity  is  attained  by  saving  time 
at  every  point  except  in  making  the  actual  settings.  It  is  understood 
that  the  observer  is  always  to  take  as  much  time  as  he  desires  for 
this  part  of  the  work. 

Various  tests  have  been  applied  to  detect  the  presence  of  syste- 
matic errors  in  this  instrument,  so  far  with  negative  results.  A  com- 
parison of  the  ten  brightest  with  the  ten  faintest  of  the  standard  stars 
served  to  show  whether  the  value  of  one  magnitude  was  the  same  for 
this  instrument  as  for  that  previously  used.  All  of  the  observations 
made  during  the  past  four  years  with  the  present  instrument  give  the 
same  results  within  less  than  an  hundredth  part  as  that  derived  from 
the  similar  observations  with  the  original  meridian  photometer.  An- 
other possible  source  of  error  was  investigated  by  using  a  red  and  a 
blue  star  as  alternate  standards  of  comparison  for  other  objects.  No 
appreciable  difference  was  detected  over  a  range  of  more  than  seven 
magnitudes  in  the  observations  of  either  of  the  observers. 

A  comparison  of  the  seven  hundred  stars  common  to  the  observa- 
tions of  Wolff,  of  Pritchard,  and  the  Harvard  Photometry  showed 
that  our  results  differed  on  the  average  from  Wolff,  after  allowance 
for  systematic  differences,  by  .140  of  a  magnitude;  from  Pritchard 
by  .145  ;  while  Wolff  and  Pritchard  differed  from  each  other  by  .192. 
A  comparison  of  the  fifty-five  stars  proposed  by  Professor  Pritchard 
as  standards,  and  measured  by  him  on  several  nights,  showed  that  the 
average  deviation  from  the  Harvard  Photometry  was  only  .104. 

Dr.  E.  Lindemann,  of  the  Pulkowa  Observatory,  who  is  conducting 
an  extensive  series  of  observations  in  stellar  photometry  by  means  of 
the  Zollner  photometer,  has  sent  lists  of  stars  observed  by  him,  for 
the  purpose  of  comparison.  These  stars  have  been  observed  with  the 
meridian  photometer.  A  comparison  between  the  results  obtained  at 
Pulkowa  and  Cambridge  shows  that  the  average  deviation  of  a  meas- 
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urement  of  the  difference  in  brightness  between  two  stars  observed  at 
both  places  does  not  exceed  one  tenth  of  a  magnitude. 

The  principal  work  of  the  meridian  photometer,  the  revision  of  the 
Durchmusterung  magnitudes,  is  now  approaching  completion,  nine 
tenths  of  the  observations  having  already  been  made. 

During  the  coming  year  similar  observations  will  be  made  upon 
stars  situated  in  the  first  twenty  degrees  of  south  declination.  All 
stars  which  have  been  used  as  comparison  stars  for  variables,  if 
brighter  than  the  ninth  magnitude,  are  also  being  measured.  Various 
pieces  of  miscellaneous  work  have  been  undertaken.  Among  these 
are  measures  of  the  brighter  known  and  suspected  variables,  the  stars 
observed  by  Rosen,  and  various  stars  employed  by  different  astrono- 
mers as  standards  of  reference. 

Stellar  Photography. 

Bache  Investigation.  —  The  investigation  in  stellar  photography 
undertaken  with  the  aid  of  the  Bache  Fund  and  described  in  the  last 
report  is  now  nearly  completed.  The  principal  results  obtained  in- 
clude photographs  of  the  entire  sky  north  of  — 30°  on  which  all 
stars  bright  enough  to  leave  trails  without  the  aid  of  clock-work  are 
depicted.  One  series  of  plates  exhibits  the  effect  of  atmospheric 
absorption  on  nearly  every  night  of  observation  for  a  year.  A  large 
number  of  photographs  of  stellar  spectra  were  also  taken.  Provision 
has  been  made  for  reducing  most  of  the  latter  photographs,  but  the 
reduction  of  the  others  has  not  yet  been  undertaken.  Among  the 
miscellaneous  observations  may  be  mentioned  some  experiments  in 
the  application  of  photography  to  transit  instruments,  which  showed 
that  the  accidental  errors  did  not  reach  one  half  of  those  affecting 
eye-observations.  Various  photographs  were  taken  of  the  nebula  of 
Orion  to  show  the  relative  brightness  of  different  portions  of  this  ob- 
ject. The  nebulae  in  Andromeda,  in  Lyra,  and  in  the  Pleiades  were 
also  photographed.  An  attempt  was  made  to  photograph  a  satellite 
of  Jupiter  while  undergoing  eclipse,  and  thus  determine  the  time  of 
this  phenomenon. 

Henry  Draper  Memorial.  —  An  investigation  has  been  undertaken 
which  promises  to  lead  to  an  important  extension  of  our  knowledge 
of  the  stellar  universe.  As  has  been  already  stated,  by  the  aid  of 
Mrs.  Henry  Draper  the  study  of  the  photographic  spectra  of  the  stars 
is  being  carried  on  with  appliances  which  are  probably  unequaled 
elsewhere.  Three  researches  are  now  in  progress.  The  first  includes 
a  general  survey  of  stellar  spectra.  Each  spectrum  is  photographed 
with  an  exposure  of  not  less  than  five  minutes,  and  these  photographs, 
generally  exhibit  the  spectra  of  all  stars  brighter  than  the  sixth  mag- 
nitude with  sufficient  distinctness  for  measurement.    The  greater 


portion  of  the  sky  north  of  —  30°  has  been  surveyed  in  this  work, 
which  will  be  repeated  during  the  coming  year.  151  plates  have 
been  measured  and  5431  spectra  examined  and  classified.  Of  these 
4148  have  been  identified  and  the  name  and  position  of  the  corre- 
sponding star  entered  opposite  each.  The  completed  work  will  form 
a  catalogue  probably  containing  three  or  four  thousand  stars,  each 
photographed  on  several  plates. 

The  second  research  relates  to  a  determination  of  the  spectra  of  the 
fainter  stars.  Each  photograph  taken  in  the  course  of  this  research 
receives  an  exposure  of  one  hour,  so  that  the  spectra  of  all  the  stars 
not  fainter  than  the  eighth  or  ninth  magnitude,  and  included  in  a 
region  ten  degrees  square,  are  represented  upon  the  plate.  On  58 
plates  2416  spectra  have  been  measured,  and  of  these  2359  have  been 
identified. 

In  both  of  these  investigations  the  eight-inch  Bache  telescope  has 
been  employed.  The  third  research  relates  to  a  more  careful  study 
of  the  spectra  of  the  brightest  stars.  For  this  work  Mrs.  Draper 
has  lent  the  11 -inch  photographic  lens  employed  by  her  husband. 
She  has  also  furnished  an  admirable  mounting  for  the  instrument,  and 
a  small  observatory  to  contain  it.  Two  prisms  have  been  constructed 
to  place  in  front  of  the  object-glass,  the  large  one  having  a  clear 
aperture  of  eleven  inches  square,  and  an  angle  of  nearly  15°,  the 
other  being  somewhat  smaller.  The  preliminary  results  attained  with 
this  apparatus  are  highly  promising.  The  account  of  them,  however, 
will  more  properly  belong  to  the  report  of  the  following  year. 

Miscellaneous. 

Variable  Stars.  —  Messrs.  Parkhurst,  Eadie,  Hagen,  and  Zaiser, 
have  continued  their  observations  in  cooperation  with  this  Observa- 
tory, as  heretofore,  and  have  still  further  increased  the  large  amount 
of  material  collected  by  their  industry  for  the  study  of  the  changes 
occurring  in  variable  stars.  Mr.  Parkhurst  has  also  made  various 
interesting  researches  upon  photometric  questions,  the  results  of 
which  he  has  frequently  appended  to  his  records  of  observation. 
Mr.  E.  F.  Sawyer,  of  Cambridgeport,  has  also  reported  the  results  of 
observations  of  variable  stars  made  by  him.  Communications,  which 
have  been  recorded  in  a  report  upon  the  subject  published  early  in 
the  year,  were  received  from  the  following  foreign  observers  of  varia- 
ble stars :  Mr.  T.  W.  Backhouse,  of  Sunderland,  England ;  Dr.  N.  C. 
Dune>,  of  Lund,  Sweden ;  Rev.  T.  E.  Espin,  of  Wolsingham,  Eng- 
land ;  Mr.  J.  E.  Gore,  of  Ballysodare,  Ireland ;  Dr.  E.  Hartwig,  of 
Bamberg,  Germany;  Mr.  George  Knott,  of  Cuck  field,  England  ;  Pro- 
fessor Safarik,  of  Prague,  Austria. 
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Estimated  Magnitudes.  —  A  valuable  series  of  comparisons  by  esti- 
mation between  stars  of  various  magnitudes,  made  by  M.  P.  Stroo- 
bant,  of  Brussels,  was  kindly  furnished  by  the  observer  for  reduction 
and  publication  at  this  Observatory.  The  copy  of  these  comparisons 
sent  by  M.  Stroobant  was  part  of  the  mail  carried  by  the  steamship 
Oregon,  and  was  supposed  to  have  been  lost  by  the  sinking  of  that 
vessel.  But  after  a  submersion  of  about  fifteen  weeks  it  was  recov- 
ered in  an  entirely  legible  condition  by  the  skill  of  the  American 
Wrecking  Company,  and  forwarded  to  the  Observatory. 

Time  Signals.  — The  increasing  difficulties  in  transmitting  these 
signals,  and  the  efforts  made  to  improve  the  service,  were  mentioned 
in  the  last  report.  The  methods  adopted  have  proved  efficient, and 
the  distribution  of  the  signals  throughout  the  year  has  gone  on  in  a 
satisfactory  manner.  The  Boston  Time  Ball,  now  mounted  on  the 
building  of  the  United  States  Post  Office,  was  dropped  at  noon  on 
week  days  295  times.  On  five  other  occasions,  having  failed  to  drop 
at  noon,  it  was  dropped  five  minutes  later,  according  to  the  custom  in 
such  cases. 

Telegraphic  Announcements.  — The  telegraphic  distribution  of  im- 
portant astronomical  discoveries  or  data  has  been  continued  during 
the  year  under  the  management  of  Mr.  Ritchie,  as  before.  Announce- 
ments have  been  made  of  the  discovery  of  ten  asteroids,  nine  comets, 
one  meteoric  shower,  and  one  new  star.  There  have  been  sent  to  the 
European  union  of  astronomers,  or  received  therefrom,  twenty  cable 
messages,  and  the  number  of  telegrams  sent  in  this  country  was  450, 
an  increase  of  1 90  as  compared  with  the  previous  year. 

The  Associated  Press  has  been  regularly  notified  of  the  facts  thus 
distributed  and  the  information  has  been  widely  spread  by  means  of 
the  newspapers.  Among  other  items  of  information  may  be  noted 
the  receipt  of  various  positions  of  comets  observed  at  the  United 
States  Naval  Observatory,  Washington.  These  positions  were  pub- 
lished as  soon  as  possible  after  their  receipt  and  have  proved  useful 
in  the  computation  of  orbits. 

Buildings  and  Grounds.  —  Various  important  repairs  in  the  main 
building  of  the  Observatory  will  soon  become  necessary,  unless  means 
can  be  secured  for  replacing  it  by  a  new  structure.  The  entire  ex- 
terior, and  most  of  the  interior  of  the  building,  requires  painting ;  new 
floors  are  needed,  and  additional  space  will  become  imperative.  Be- 
sides the  usual  care  of  the  grounds,  a  number  of  rare  trees  and  shrubs 
have  been  planted  which  in  a  few  years  will  greatly  improve  the  ap- 
pearance of  the  place.  The  most  important  improvement  is  the  con- 
struction of  a  substantial  fence  on  the  north  side  of  the  grounds, 
which  was  needed  to  protect  the  numerous  valuable  instruments  now 
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located  in  small  buildings  near  the  Observatory.     A  drain  has  also 
been  laid  on  the  southern  and  eastern  sides  of  the  main  building. 

Publications. 

The  principal  publications  of  the  year  were  Volume  XV.,  Part  I., 
and  Volume  XVI.  of  the  Observatory  Annals,  which  have  been 
described  above.  Two  treatises  in  quarto  form,  on  the  apparent 
position  of  the  zodiacal  light,  and  on  stellar  photography,  have  also 
appeared  in  the  Memoirs  of  the  American  Academy  of  Arts  and 
Sciences,  as  is  shown  in  the  list  which  follows. 

These  publications  have  appeared  either  as  official  communica- 
tions from  the  Observatory  or  as  papers  prepared  by  its  officers 
individually. 

Fortieth  Annual  Report  of  the  Astronomical  Observatory  of  Harvard 
College. 

A  Plan  for  the  Extension  of  Astronomical  Research.  By  Edward  C. 
Pickering.    Cambridge,  1886. 

Faint  Stars  for  Standards  of  Stellar  Magnitudes.  By  Edward  C.  Picker- 
ing.    Sidereal  Messenger,  iv.  24 ;  Astronomical  Register,  xxiii.  39. 

Photographic  Study  of  Stellar  Spectra.  Henry  Draper  Memorial.  By 
Edward  C.  Pickering.  Circular,  reprinted  in  Nature,  xxxiii.  535,  and 
Science,  vii.  278. 

Accurate  Mountain  Heights.  By  Edward  C.  Pickering.  Appalachia,  iv. 
215 ;  Science,  vii.  423. 

Comparison  of  Maps  of  the  Ultra  Violet  Spectrum.  By  Edward  C.  Pick- 
ering.   American  Journal  of  Science,  cxxxii.  223. 

Draper  Memorial  Photographs  of  Stellar  Spectra  exhibiting  Bright  Lines. 
By  Edward  C.  Pickering.    Nature,  xxxiv.  439. 

Comet  1883  I.  (Brooks).    By  O.  C.  Wendell.    Sidereal  Messenger,  v.  92. 

On  the  New  Nebula  discovered  in  the  Pleiades  by  MM.  Henry.  By 
Edward  C.  Pickering.    Astronomische  Nachrichten,  cxiii.  399. 

Photometric  Observations  of  the  New  Star  near  x1  Orionis.  By  Edward 
C.  Pickering.    Id.  cxiv.  283. 

Orbits  of  Meteors.  By  O.  C.  Wendell.  Id.  cxiv.  285 ;  Sidereal  Messen- 
ger, v.  111. 

Comet-Meteor  Radiants .  By  O .  C .  Wendell .  Astronomische  Nachrichten , 
cxiv.  329 ;  Sidereal  Messenger,  v.  152. 

Magnitudes  of  Comparison  Stars  employed  in  Dr.  M tiller's  determination 
of  the  Phases  of  Asteroids.  By  Edward  C.  Pickering.  Astronomische 
Nachrichten,  cxiv.  413. 

Orbit  of  Comet  1886  (Brooks  2).  By  O.  C.  Wendell.  Id.  cxiv.  415 ;  Si- 
dereal Messenger,  v.  220. 

Positions  of  the  New  Star  near  x1  Orionis.  By  Edward  C.  Pickering. 
Astronomische  Nachrichten,  cxv.  31. 

Early  Experiments  in  Telegraphing  Sound.  By  Edward  C.  Pickering. 
Proc.  Am.  Acad,  of  Arts  and  Sciences,  xxi.  262. 
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Atmospheric  Refraction.     By  Edward  C.  Pickering.     Id.  xxi.  268. 

A  New  Form  of  Polarimeter.    By  Edward  C.  Pickering.     Id.  xxi.  294. 

Observations  of  Variable  Stars  in  1885.  By  Edward  C.  Pickering.  Id. 
xxi.  319. 

The  Apparent  Position  of  the  Zodiacal  Light.  By  Arthur  Searle.  Me- 
moirs of  the  Am.  Acad,  of  Arts  and  Sciences,  xi.  135. 

An  Investigation  in  Stellar  Photography.  By  Edward  C.  Pickering. 
Id.  xi.  179. 

The  Longitude  of  the  McGill  College  Observatory.  By  Professor  W.  A. 
Rogers,  Harvard  College  Observatory,  and  Professor  C.  II .  MeI«eod, 
McGill  College  Observatory.  Trans.  Roy.  Soc.  Canada,  Section  iii.f  1885, 
page  111. 

EDWARD   C.   PICKERING,  Director. 


380  PROCEEDINGS  OP  THE  AMERICAN   ACADEMY 


XX. 

OBSERVATIONS  OF  VARIABLE  STARS  IN   1886. 

By  Edward  C.  Pickering. 

Communicated  March  9,  1887. 

The  present  publication  is  the  fourth  in  a  series  of  annual  state- 
ments relating  to  variable  stars,  which  was  begun  in  1884.  In  the 
fifth  statement,  to  be  published  in  1888,  it  is  proposed  to  review  the 
entire  period  since  the  discovery  of  each  variable  star,  giving  the  num- 
ber of  observations  made  by  each  observer  during  each  year,  so  far  as 
this  information  can  be  obtained.  All  persons  who  have  any  facts  of 
this  kind  at  command  are  urgently  requested  to  communicate  them  to 
the  Observatory  of  Harvard  College,  so  that  the  proposed  publication 
may  be  as  complete  as  possible. 

Some  difficulty  has  been  experienced  in  preparing  the  present  re- 
port, from  the  circumstance  that  variable  stars  are  occasionally  desig- 
nated only  by  letters  and  constellations,  without  their  numbers  in  any 
published  catalogue  or  their  places  for  a  given  date.  The  recommen- 
dation made  in  previous  reports  is  accordingly  here  renewed,  that  the 
place  of  each  star  should  always  be  given  when  there  is  no  other 
means  of  identification  than  the  name.  The  number  in  a  designated 
catalogue,  such  as  that  printed  with  these  reports,  will  of  course  be  a 
sufficient  substitute  for  the  place. 

In  view  of  the  extended  publication  proposed  for  next  year,  the 
present  report  may  be  made  comparatively  brief.  The  names  of  the 
observers,  their  methods  of  observation,  and  the  abbreviations  by 
which  they  are  designated  in  Tables  I.  and  II.  are  mainly  the  same 
as  in  the  report  for  last  year;  Messrs.  Backhouse,  Duner,  Sadie, 
Espin,  Gore,  Hagen,  Knott,  Parkhurst,  Safarik,  and  Zaiser,  being 
designated  as  before  by  B.,  D.,  Ee.,  En.,  6.,  Hn.,  K.,  P.,  Sku,  and  Zr., 
while  M.  denotes  the  work  of  the  meridian  photometer.  An  eyepiece 
magnifying  90  times  has  often  been  employed  in  Mr.  Parkhunt's 
observations,  in  addition  to  the  powers  of  56  and  150  mentioned  last 
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year.  Father  Hagen  has  begun  a  systematic  search  for  variables  of 
the  fourth  class  in  a  great  circle  whose  pole  is  12h  40m,  -{-28°,  and 
has  examined  the  DM.  chart  No.  32  in  accordance  with  suggestions 
given  in  "  Variable  Stars  of  Short  Period."  See  these  Proceedings, 
XVI.  277,  281.  He  suspects  the  following  stars  to  be  variable: 
DM.  +55°  2587,  +44°  3368,  +44°  3402.  Dr.  Hartwig  has  not 
made  any  statement  with  regard  to  his  observations  in  1886.  Pro- 
fessor Safarik  has  been  prevented  by  illness  from  making  a  complete 
statement  of  his  work,  but  has  sent  a  list  containing  a  large  number  of 
observations,  which  are  entered  as  usual  in  Tables  I.  and  II.  State- 
ments have  also  been  received  from  some  observers  who  have  not 
contributed  to  previous  reports.  The  additional  abbreviations  thus 
required  in  Tables  I.  and  II.  are  explained  in  the  following  para- 
graphs. 

Bv  These  observations  were  made  by  Mr.  Joseph  Baxendell,  at 
Birkdale,  South  port,  England.  The  telescope  used  in  the  observa- 
tions is  an  achromatic  refractor  of  6  inches'  aperture,  made  by  Cooke 
and  Sons,  of  York ;  and  the  magnitudes  of  the  variables  are  determined 
by  comparisons  with  neighboring  stars  whose  magnitudes  have  been 
determined  by  the  method  of  limiting  apertures. 

B2.  These  observations  were  made  by  Mr.  Joseph  Baxendell,  Jr. 
The  place,  instrument,  and  method  of  observation  were  the  same  as 
described  under  the  heading  Br 

Eq.  These  observations  were  made  with  the  equatorial  telescope 
of  the  Observatory  of  Harvard  College.  The  aperture  and  focal 
length  of  the  instrument  are  respectively  15  and  279  inches.  The 
magnifying  power  employed  was  ordinarily  103.  The  observers  were 
Messrs.  Arthur  Searle  aud  O.  C.  Wendell.  The  observations  consist 
in  measurements,  made  with  the  wedge  photometer,  of  the  comparison 
stars  known  to  have  been  employed  by  previous  observers ;  but  when 
the  variable  stars  themselves  were  visible,  they  were  incidentally  com- 
pared with  others  by  estimate,  according  to  the  method  of  Argelander, 
and  were  also  observed  with  the  wedge.  The  work  will  be  continued 
during  the  coming  year,  and  it  is  desired  to  make  it  include  as  many 
as  possible  of  the  comparison  stars  which  have  been  employed  by  any 
observer.  The  list  now  in  use  is  chiefly  derived  from  the  published 
work  of  Argelander,  Schonfeld,  and  Oudemans.  Observers  are  re- 
quested to  send  lists  of  the  comparison  stars  not  included  in  these  pub- 
lications which  they  have  themselves  employed,  or  which  have  been 
employed  to  their  knowledge  by  others.  It  is  very  desirable  that 
not  only  the  places  of  these  stars,  but  also  their  designations  in  the 
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Durchmusterung,  when  they  occur  in  that  catalogue,  should  be  en- 
tered in  the  lists  thus  sent. 

Sn.  These  observations  were  made  by  Mr.  T.  S.  H.  Shearmen,  of 
Brantford,  Canada.  The  instruments  employed  were  an  opera-glass 
and  a  two-inch  refractor.  Each  variable  was  compared  with  stars 
differing  little  from  it  in  brightness.  Many  suspected  variables  have 
been  photographed. 

Table  I.  indicates  the  progress  of  observation  for  stars  included  in 
Table  I.  of  previous  reports.  Other  stars,  whether  known  or  sus- 
pected to  be  variable,  are  included  in  Table  II.  All  the  columns  of 
Table  I.  except  the  last  are  repeated  from  the  statement  of  the  pre- 
vious year.  The  first  column  of  the  left-band  pages  gives  a  provis- 
ional number  for  designating  the  star.  This  number  is  taken  from 
Schonfeld's  Catalogue  when  the  star  occurs  there ;  in  other  cases,  a 
letter  is  added  to  the  number.  The  second  column  contains  numbers 
from  the  Photometric  Catalogue  called  Harvard  Photometry,  and 
published  in  Volume  XIV.  of  the  Annals  of  the  Harvard  College 
Observatory.  The  following  columns  contain  the  usual  designation 
of  the  star,  its  right  ascension  and  declination  for  1875,  magnitude  at 
maximum  and  minimum,  and  period  in  days. 

The  first  column  of  the  right-hand  page  repeats  the  number  to  be 
used  for  the  provisional  designation  of  the  star.  The  second  gives 
the  class  to  which  the  star  belongs,  upon  the  system  of  classification 
employed  in  the  Proceedings  of  the  American  Academy  of  Arts  and 
Sciences,  XVI.  257.  Upon  this  system,  Class  I.  includes  temporary 
stars ;  Class  II.,  stars  undergoing  large  variations  in  periods  of  sev- 
eral months ;  Class  III.,  irregularly  variable  stars,  undergoing  but 
slight  changes  in  brightness  ;  Class  IV,  variable  stars  of  short  period, 
like  @  Lyra  or  b  Cephei ;  Class  V.,  Algol  stars,  or  those  which  at 
regular  intervals  undergo  sudden  diminutions  of  light,  lasting  for  a 
few  hours  only.  The  third  column  gives  the  name  of  the  discoverer! 
and  the  fourth  column  the  date. 

The  last  column  contains  the  number  of  nights  on  which  each  star 
was  observed  by  the  astronomer  whose  designation  is  attached  to  the 
number.     The  abbreviations  employed  have  been  explained  above. 

Table  I.  is  followed  by  a  series  of  remarks  containing  observed 
dates  of  maximum  and  minimum,  and  other  information  derived  from 
the  observers  with  regard  to  particular  stars. 

Table  II.  indicates  the  progress  of  observation  of  stars  suspected  or 
known  to  be  variable,  but  not  included  in  Table  I.  for  reasons  ex- 
plained in  previous  reports.    The  provisional  numbers  given  in  the 
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first  column  for  many  of  the  stars  refer  to  Mr.  Chandler's  unpublished 
catalogue,  as  in  previous  years.  The  second  and  third  columns  give 
the  right  ascensions  and  declinations  of  the  stars  for  1875.  The 
fourth  column  gives  the  number  of  observations  made  by  each  ob- 
server, as  in  the  last  column  of  Table  I.  The  abbreviations  are 
likewise  the  same.  The  letters  in  the  last  column  refer  to  the 
remarks  on  page  395. 
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1572 

8M. 

6 

II. 

Luther 

1855 

12  Ee.  3  Eq.  4  M.  4  P. 

6 

III. 

Birt 

1881 

10  M.  1  Sn. 

6a 

V. 

Ceraski 

1880 

1  Bv  2  B2.  12  Hn.  1  M. 

7 

II. 

Argelander 

1861 

2BX.  27B.2.  17  Ee.  2Eq.  2G.  I 

5M.  IIP. 

8 

II. 

Hind 

1851 

10  Ee.  2  Eq.  8  M.  6  P. 

[82  Sk. 

8a 

— 

Peters 

1880 

13  P. 

86 

— 

Gould 

1874? 

2M. 

8c 

II. 

Gould 

1872? 

— 

9 

IL 

Hind 

1850 

2  Eq.  3  M.  8  P. 

10 

II. 

Petera 

1865 

1  Eq.  4  M.  11  P. 

11 

IJL 

Argelander 

1867 

14  Bj.  3  Eq.  9  Hn.  14  P.  2  Sk. 

12 

IL 

Fabricius 

1696 

60  B.  3  Bi.  22  G.  12  K.  21  Sk. 
2  Eq.  6  Hn.  1  P.  30  Sk. 

5Sn. 

18 

n. 

Kriiger 

1873 

14 

II. 

Argelander 

1866 

8  Eq.  13  P.  10  Sk. 

15 

II. 

Au  were 

1870 

3  Eq.  17  Hn.  26  Sk. 

16 

IL! 

Schmidt 

1854 

1G. 

17 

V. 

Montanari 

1069 

— 

18 

II. 

Schonfeld 

1861 

10  Bj.  8  Eq.  6  Hn.  7  P.  6  Sk. 

19 

V. 

Baxendell 

1848 

1  B.  9  Zr. 

20 

— 

Hind 

1861 

8  Bv  8  Eq.  3  K.  12  P.  2  Sk. 

21 

IL 

Hind 

1849 

8  Eq.  10  P.  3  Sk. 

22 

IL 

Oudemans 

1856 

6  Ee.  8  Eq.  11  P.  3  Sk. 

22a 

— 

Gould 

1874? 

— 

23 

II. 

Auwera 

1871 

3  Eq.  18  P.  12  Sk. 

24 

II. 

Hind 

1848 

3  Eq.  1  K.  3  Sk. 

25 

III. 

Fritsch 

1821 

— 

26 

II. 

Schmidt 

1865 

8  Bt.  2  Eq.  1  K.  17  Sk. 

27 

II. 

At  Bonn 

1862 

2  En.  2  Eq.  4  G.  4  Hn.  1  P.  1 

JSk. 

27a 

II. 

Duner 

1881 

19  D.  4  Eq.  11  P. 

28 

II. 

Webb 

1870 

9BV  19  Ee.  3  En.  2  Eq.  8  K.  1  P.  24  Sk. 

29 

III. 

J.  Herschel 

1834 

— 

29a 

— 

Bond 

1863 

17  Ee.  1  P. 

80 

III. 

J.  Herschel 

1836 

11  Zr. 

31 

IL? 

Schmidt 

1866 

2B. 

81a 

— 

Schonfeld 

1883 

6  P. 

32 

IV. 

Gould 

1871 

— - 

83 

II. 

Schmidt 

1861 

2  Eq.  1  Sk. 

34 

IV. 

Winnecke 

1867 

— 

85 

II. 

Kriiger 

1874 

3  Eq.  19  P.  21  Sk. 

86 

IV. 

Schmidt 

1844 

5  M.  18  Zr. 

87 

IL 

Hind 

1848 

3  Eq.  2  K.  16  P.  8  Sk. 

88 

II. 

At  Bonn 

1854 

3  Eq.  15  Hn.  1  K.  25  Sk. 

88a 

II. 

Gould 

1872 

— 

886 

IL 

Baxendell 

1880 

24  Br  3  Eq.  6  K. 

88c 

IL? 

Gould 

1878 

11  En.  3  G. 

89 

IL 

Hind 

1866 

1  Bv  1  Ee.  8  Eq.  3  K.  19  Sk. 

40 

II. 

Schonfeld 

1865 

2  Eq. 

• 

40a 

IL 

Baxendell 

1879 

21  BL.  1  Ee.  1  Eq.  5  K. 

41 

"• 

Hind 

1848 

2  Bj.  1  Eq.  10  P.  20  Sk. 
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TABLE  I. -Continued. 


No. 

H.P. 

Num. 

R.  A.  1876. 

Dec.  1876. 

Max. 

Mill. 

Per. 

h.  m.   a. 

o      / 

m. 

m. 

d. 

42 

^_ 

T  Geminorum 

7  41  48 

-4-24    2.7 

8.1—8.7 

<18 

28a  i 

42a 

_ 

S  Puppia 

43    6 

—47    8.8 

7* 

9 

— 

48 

_ 

U  Geminorum 

47  41 

+22  19.7 

8.9  —  9.7 

iai 

Irr. 

48a 

__ 

Puppis 

55    0 

—12  32 

H 

<14 

310 

44 

^_ 

R  Cancri 

8    9  40 

+12    6.5 

6.2  —  8.8 

<11.7 

854.4 

45 

__ 

V  Cancri 

14  36 

+17  40.9 

6.8  —  7.2 

<12 

272 

46 

__ 

U  Cancri 

28  87 

+19  19.6 

83  — 10.4 

<13 

305.7 

47 

__ 

S  Cancri 

86  48 

+19  29.0 

8.2 

9.8 

9.5 

48 

.... 

S   Hydra 

47    8 

+  8  32.4 

7.6  —  8.6 

<12.2 

256.4 

40 

_ 

T  Cancri 

49  32 

+20  19.7 

82  —  8.5 

9.3  — 10.6 

4843 

50 

_ 

T  Hydra 

49  35 

—  8  89.8 

7.0  —  8.1 

<12.6 

289.4 

50a 

— 

R  Carinas 

9  29    6 

-m  14.2 

4.4 

9.8 

313 

51 

_ 

R  Leonis  min. 

88    4 

+86    6.2 

6.1  —  7.6 

<11.0 

374.7 

52 

1762 

R  Leonis 

40  60 

+12    0.6 

6.2  —  6.4 

9.4  — 10.0 

312.6 

52a 

_ 

1    Carinas 

41  49 

—61  66.9 

3.7 

6.2 

31.2 

526 

_ 

Leonis 

53    8 

+21  61.6 

a 

8.6<13 

280! 

52c 

_ 

Antlias 

10    4  22 

-57    7.1 

<8 

— 

52a* 

_ 

Carinas 

5  23 

—60  66.3 

6* 

9 

— 

62e 

_ . 

U  Leonis 

17  21 

+14  88.1 

H 

Inr. 

— 

W 

1869 

Hydra 

31  22 

—12  44.1 

H 

6 

— 

1880 

R  Ursae  maj. 

85  47 

+69  26.9 

6.0  —  8.1 

12 

803.4 

54 

— 

n    Argus 

40  13 

—69    1.6 

>1 

6.3 

Irr. 

54a 

__ 

T  Carinas 

50  18 

—69  612 

6.2 

6.9 

— 

55 

__ 

R  Crateris 

54  25 

—17  39.2 

>8 

<9 

— 

56 

__ 

S  Leonis 

11    4  28 

+  6    8.6 

9.0  —  9.7 

<13 

187.6 

67 

__ 

T  Leonis 

32    2 

+  4    8.9 

10? 

<18 

— 

58 

_ 

X  Virginia 

65  27 

+  9  46.1 

7.8! 

<10 

— 

59 

_ 

R  Comas 

67  61 

+19  28.8 

7.4  —  8.0 

<13 

868 

60 

— 

T  Virginia 

12    8  12 

—  6  20.4 

8.0  —  8.8 

<13 

837 

61 

— 

R  Corvi 

13  10 

—18  33.6 

6.8  —  7.8 

<11.5 

818.6 

61a 

— 

Virginia 

27  26 

—  8  43.8 

8 

14 

210± 

62 

— 

T  Ursas  maj. 

80  42 

+60  10.6 

7.0  -  8.3 

12.2 

256.6 

63 

2147 

R  Virginia 

32  10 

+  7  40.6 

6.6  —  7.6 

10.0  — 10.9 

146.7 

63a 

— 

R  Muscae 

84  28 

—68  48.3 

6.6 

7.3 

0.9 

64 

— 

S  Ursas  maj. 

88  28 

+61  46.7 

7.7  —  8.2 

10.2  —  11.1 

224.8 

65 

_ . 

U  Virginia 

44  46 

+  6  140 

7.7  —  8.1 

12.2  — 12.8 

207.4 

66 

— 

W  Virginis 

18  19  85 

—  2  43.4 

8.7  —  9.2 

9.8—10.4 

17.8 

67 

— 

V  Virginis 

21  21 

—  2  31.4 

8.0  —  9.0 

<13 

261 

68 

2275 

R  Hydra 

22  63 

—22  88.0 

4.0  —  6.6 

10! 

469.3 

69 

2289 

S   Virginis 

26  29 

—  6  33.0 

6.7—7.8 

12.6 

874.0 

69a 

— 

Virginis 

14    3  87 

—12  42.7 

9 

14 

— 

696 

_ 

R  Centauri 

7  86 

—69  19.8 

6 

10 

— 

70 

— 

T  Bootis 

8  14 

+19  39.1 

9.7! 

<Q8 

— 

71 

_ 

S  Bootis 

18  41 

+64  22.7 

8.1—8.6 

13.2 

272.4 

72 

.... 

R  Camelopardi 

27    8 

+84  23.8 

7.9  —  8.6 

12! 

266.2 

73 

2445 

R  Bootia 

31  41 

+27  16.9 

6.9  —  7.6 

11.3  —  12.2 

223.0 

73a 

2459 

Bootis 

87  66 

+27    8.6 

6.2 

6.1 

870! 

736 

— . 

Bootia 

48  83 

+18  12.1 

9.1 

124— 13.6 

nas 

74 

2506 

8   Libras 

64  18 

—  8    1.2 

4.9 

6.1 

13 

74a 

— . 

Libra 

16    8  37 

—19  38.9 

10 

<13.6 

TOO* 

746 

— 

R  Triang.Austr. 

8  87 

—66    2.1 

6.6 

8.0 

3.4 

76 

— 

U  Coronas 

18    6 

+82    6.4 

7.6 

8.8 

&6 

76 

... 

S  Libra 

14  13 

—19  661 

8.0 

12.6! 

_ 

77 

^— 

S  Serpentia 

15  48 

+14  46.9 

7.6— ae 

126! 

8614 
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TABLE  I.— Continued. 


No. 

Clfttt. 

Discoverer. 

Date. 

Observations,  1886. 

42 

n. 

Hind 

1848 

11  P.  32  Sk. 

42a 

— 

Gould 

1874? 

— 

43 

ii.? 

Hind 

1866 

18  Bv  26  B,.  3  Eq.  21  K.  9  P.  46  Sk. 

43a 

IL 

Pickering 

1881 

• 

44 

II. 

Schmidt 

1820 

lEe. 

45 

IL 

Auwers 

1870 

2  Eq.  12  P.  20  Sk. 

46 

II. 

Chaeornac 

1863 

12  Hn.  5  Sk. 

47 

V. 

Hind 

1848 

8  Ee.  64  Hn. 

48 

II. 

Hind 

1848 

6Sk. 

49 

IL 

Hind 

1860 

2  En.  2  Eq.  11  P.  19  Sk. 

60 

II. 

Hind 

1861 

— 

60a 

IL 

Gould 

1871 

— 

61 

II. 

Schonfeld 

1863 

1  Bv  2  M.  22  P.  16  Sk. 

62 

II. 

Koch 

1782 

11  Bv  2  M.  1  En.  22  8k.  2  Sn. 

62a 

— 

Gould 

1871 

— 

626 

II. 

Becker 

1882 

— 

62c 

— 

Gould 

1872 

— 

62a* 

— 

Gould 

1871 

— 

62e 

— 

Peters 

1876 

1  Eq.  1  M. 

W 

— 

Gould 

1871 

3  D.  9  Zr. 

II. 

Pogson 

1863 

2  Bv  20  Ba.  5  Eq.  12  K.  4  M.  21  Sk. 

64 

IL? 

Burchell 

1827 

— 

64a 

— 

Thome 

1872 

— 

66 

IL 

Winnecke 

1861 

1  Bv  1  Hn.  2  M.  17  Sk. 

66 

IL 

Chaeornac 

1866 

— 

67 

II. 

Peters 

1865 

2  M.  6  Sk. 

68 

II. 

Peters 

1871 

1  Ee.  1  Eq.  2  M. 

60 

II 

Schonfeld 

1866 

1  Eq.  1  K.  1  M.  13  P.  1  Sk. 

60 

II. 

Boguslawski 

1840 

12  Sk. 

61 

II. 

Karlinski 

1867 

3  Eq.  2  Sk. 

61a 

II. 

Henry 
Hencke 

_ 

— 

62 

II. 

1866 

6  Bv  27  B„.  22  Sk. 
1  Eq.  10  G. 

63 

II. 

Harding 

1809 

63a 

IV. 

Gould 

1871 

— 

64 

II. 

Pogson 

1863 

22  B2.  12  K.  8  Sk. 

66 

II. 

Harding 

1831 

1  Ee.  16  Sk. 

66 

IL? 

Schonfeld 

1866 

— 

67 

II. 

Goldschmidt 

1867 

8  P.  3  Sk. 

68 

II. 

Maraldi 

1704 

9Sk. 

69 

II. 

Hind 

1852 

1  Eq.  1  K.  1  Sk. 

60a 

II. 

Palisa 

1880 

1  Eq.  8  P. 

696 

— 

Gould 

1871 

— — 

70 

I? 

Baxendell 

I860 

3  M.  22  Sk. 

71 

II. 

At  Bonn 

1860 

3  Bv  24  B2.  6  Ee.  20  Hn.  9  P.  10  Sk. 

72 

II. 

Hencke 

1858 

6B,.  20  Ee.  11  P.  86  8k. 

78 

II. 

At  Bonn 

1858 

7  Bv  1  Eq.  36  Sk. 

78a 

— 

Schmidt 

1867 

1  G.  10  Zr. 

736 

II. 

Baxendell 

1880 

11  Bv  2  Eq. 

74 

V. 

Schmidt 

1859 

14  Zr. 

74a 

II. 

Palisa 

1878 

1  Eq. 

746 

IV.? 

Gould 

1871 

— 

76 

V. 

Winnecke 

1860 

15  Hn. 

76 

II. 

Borelly 

1872 

1  Eq.  5  P.  6  Sk. 

77 

IL 

Harding 

1828 

10  Ee.  11  Hn.  2  P.  4  8k. 
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No. 

H.P. 

Name. 

R.  A.  1876. 

Dee.  1876. 

Max. 

Milk. 

Psr. 

h.  m.   r. 

o      / 

m. 

m. 

d. 

V 

2553 

S  Corona 

15  16  18 

+31  49.1 

6.1  —  7.8 

11.9  —  12.5  361.0 

78a 

— 

Libra 

34  46 

—20  46.6 

9 

<14 

— 

79 

2639 

R  Coronae 

43  25 

+28  326 

6.8 

13.0 

Irr. 

80 

2647 

R  Serpentis 

44  56 

+15  30.8 

6.6  —  7.6 

<U 

357.6 

80a 

— 

V  Coronae 

45    4 

+39  67.0 

7.7 

12 

300.0 

81 

— 

R  Librae 

46  82 

—15  61.7 

9.2  — 10.0 

<13 

723 

82 

2678 

T  Coronae 

54  16 

+26  16.6 

2.0 

9.5 

— 

83 

— 

R  Herculis 

16    0  37 

+18  42.6 

8.0  —  9.0 

<13 

319.0 

83a 

— 

W  Scorpii 

4  28 

—19  48.6 

10 

<13 

2248 

84 

— 

T  Scorpii 

9  86 

—22  39.9 

7 

<10 

— 

85 

— 

R  Scorpii 

10  12 

—22  88.2 

9  ?  — 10.6 

<12.6 

223 

86 

— 

S   Scorpii 

10  13 

—22  35.2 

9.1  — 10.5 

<12  6 

176.9 

86a 

— 

Ophiuchi 

14  40 

—  7  24.0 

9.0 

<13.6 

326 

87 

— 

U  Scorpii 

15  16 

—17  36.3 

9? 

<12 

— 

87a 

— 

Ophiuchi 

19  46 

—12    8.6 

76 

105 

365 

88 

— 

U  Herculis 

20  16 

+19  10.8 

6.6  —  7.7 

11.4  —  11.6 

408.8 

89 

2772 

g    Herculis 

24  32 

+42    9.6 

5 

6  2 

Irr. 

90 

— 

T  Ophiuchi 

26  35 

—15  61.8 

10 

<12.5 

— 

91 

— 

S   Ophiuchi 

27    4 

—16  63.7 

8.3  —  9.0 

<12.6 

233.8 

91a 

— 

VV  Herculis 

30  48 

+37  35.6 

8.0 

<14.5 

289 

916 

— 

Ureae  min. 

31  40 

+72  31.9 

8.6 

105 

1801 

91c 

— 

R  Draconis 

32  22 

+67    0.7 

7.2 

13< 

245.9 

92 

2828 

S   Herculis 

46  13 

+15    9.2 

6.9  —  6.8 

11.6  —  12.2 

303 

93 

2839 

Ophiuchi 

62  30 

—12  42.0 

5.5 

12.5 

— 

93a 

— 

V  Herculis 

53  41 

+35  16.6 

9.0 

11.7 

— 

94 

— 

R  Ophiuchi 

17    0  36 

—15  55.6 

7.6  —  8.1 

<12 

302.4 

95 

2879 

a    Herculis 

8  67 

+14  32.1 

3.1 

3.9 

Irr. 

95a 

2883 

U  Ophiuchi 

10  12 

+  1  21.0 

6.1 

6.8 

0.9 

96 

2890 

u    Herculis 

12  42 

+33  14.1 

4.6 

5.4 

38.6 

97 

— 

Serpen  tarii 

23    9 

—21  22.4 

>l 

• 

— 

98 

2972 

X  Sagittarii 

39  41 

—27  46.8 

4 

6 

7.0 

99 

3035 

W  Sagittarii 

67    2 

—29  35.1 

5 

6.5 

7.6 

100 

— 

T  Herculis 

18    4  22 

+31    0.1 

7.2  —  8.8 

11.4—12.1 

165.1 

101 

— 

T  Serpentis 

22  43 

+  6  13.1 

9.1  —  10.0 

<128 

342.3 

102 

— 

V  Sagittarii 

24    4 

—18  20.9 

7.6! 

9.6! 

— — 

103 

— 

U  Sagittarii 

24  32 

—19  12.7 

7.0 

8.3 

67 

104 

— 

T  Aquilae 

39  45 

+  8  86.0 

8.8 

9.5 

Irr. 

105 

3176 

R  Scuti 

40  49 

—  6  60  2 

4.7  —  6.7 

6.0  —  8.6 

71.1 

105a 

— 

k    Pavonis 

44    3 

—67  23.2 

4.0 

5.5 

9.1 

ior> 

3193 

0    Lyrae 

45  28 

+33  13.0 

3.4 

4.5 

12.9 

107 

3224 

R  Lyrae 

51  32 

+43  47.1 

43 

4.6 

46.0 

108 

— 

S   Coron.  Aust. 

62  43 

—37     7  2 

9.8 

116? 

6.1 

109 

— 

It  Coron.  Aust. 

53  29 

—37     7.2 

10.6  —  11.6 

<12.6 

31 

110 

— 

R  Aquilae 

19    0  21 

+  8    2.6 

6.4  —  7.4 

10.9—11.2 

845.1 

111 

— 

T  Sagittarii 

9    1 

—17  11.2 

7  6  —  8.1 

<11 

881 

112 

— 

It  Sagittarii 

9  21 

—19  81  6 

7.0  —  7.2 

<12 

270.0 

113  j  — 

S   Sagittarii 

12    7 

—19  16.1 

9.7  — 10.4 

<12.7 

280 

114  |3395 

R  Cygni 

11  Vulpeculae 

33  28 

+49  66.1 

6.9—8.0 

13 

426.3 

115 

— 

42  26 

+27    0.5 

8 

1 

^ 

116 

— 

S    Vulpeculae 

43  16 

+26  68.7 

8.4  —  8.2 

9,0— a  6 

67  6 

117 

3434 

X   Cygni 

45  46 

+32  36.0 

4.0  —  6.0 

12.8 

406.6 

118 

3436 

it    Aquilae 

46    6 

+  0  41.2 

8.6 

4.7 

75 

119 

— 

S   Cygni 

20    2  63 

+67  87.6 

88  -  9.6 

<ts  . 

322.8 

120 

^~ 

R  Capricorai 

4  17 

—14  38,2 

88  —  9.7 

<18        847 
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TABLE  1.— Continued. 


No. 

Out. 

DitcoTtror. 

Date. 

Operations,  1886. 

78 

II. 

Hencke 

1860 

12  B,.  1  Eq.  1  G.  12  Hn.  6  K.  1 1  P.  27  Sk. 

78a 

— 

Peters 

1878 

8  P. 

79 

II.? 

Pigott 

1795 

1  Bv  1  En.  2Eq.  3G.  13  Ee.  15  P.  23  Sk. 

80 

II. 

Harding 

1826 

1  Eq.  6  Ee.  9  P. 

80a 

II. 

Dune*r 

1878 

20  D.  2  Eq.  7  Ee.  13  P.  26  Sk. 

81 

II. 

Pogson 

1858 

2K. 

82 

I. 

Birmingham 

1866 

17  B.  1  Eq.  8  Hn.  1  K.  3  M.  11  Sk. 
9  Ee.  1  Eq.  7  Hn.  9  P.  11  Sk. 

88 

II. 

At  Bonn 

1855 

88a 

IL 

J.  Palisa 

1877 

8  P. 

84 

I. 

Auwert 

1860 

3  M.  8  P. 

85 

11. 

Chacornac 

1858 

8  K.  8  P. 

86 

II. 

Chacornac 

1854 

1  K.  8  P. 

86a 

II. 

Scbonfeld 

1881 

2Eq. 

87 

I.? 

Pogson 

1868 

— 

87a 

— 

Dune'r 

1881 

7  D.  1  Eq. 

88 

II. 

Hencke 

1860 

5  B,.  1  Eq.  34  Sk. 

89 

III. 

Baxendell 

1857 

10  Sk. 

90 

II. 

Pogson 

1860 

3Eq. 

91 

11 

Pogson 

1854 

3Eq. 

91a 

— 

Duner 

1880 

14  D.  13  Ee.  1  Eq.  6  Hn.  11  P. 

916 

II. 

Pickering 

1881 

6  Bv  22  Ee.  1  K.  2  P.  69  Sk. 

91c 

II. 

Geelmuyden 

1876 

7  Bv  26  Sk. 

92 

II. 

At  Bonn 

1856 

7  B,.  1  Eq.  6  Hn.  11  P. 
6M. 

93 

I. 

Hind 

1848 

98a 

II. 

Baxendell 

1880 

8  Ee.  2  Eq.  10  P. 

94 

II. 

Pogson 

1858 

lEq. 

95 

III. 

W.  Herschel 

1796 

14  Zr. 

95a 

V. 

Sawyer 

1881 

— 

96 

III. 

Schmidt 

1869? 

10  Zr. 

97 

I. 

Fahricius 

1604 

4M. 

98 

IV. 

Schmidt 

1866 

— 

99 

IV. 

Schmidt 

1866 

— 

100 

11. 

At  Bonn 

1857 

11  Bj.  6  Hn.  3  P.  20  Sk. 

101 

II. 

Baxendell 

1860 

3  Bv  6  Ke.  2  Eq.  12  Sk. 

102 

II. 

Quirling 

1805 

2Eq. 

103 

IV. 

Schmidt 

1866 

2Eq. 

104 

II. 

Winnecke 

1860 

lEq.  1  M. 

105 

II. 

Pigott 

1795 

6  G.  2  M. 

105a 

IV. 

Thome 

1872 

— 

106 

IV. 

Good  rick e 

1784 

16  G.  19  Zr. 

107 

II.? 

Baxendell 

1856 

— 

108 

IV? 

Schmidt 

1866 

2Eq. 

109 

II.? 

Schmidt 

1806 

2Eq. 

110 

II. 

At  Bonn 

1856 

8  Ee.  2  Eq.  6  G.  39  Sk. 

111 

II. 

Pogson 

1863 

2  Eq.  4  P.  17  Sk. 

112 

11. 

Pogson 

1858 

2  Eq.  8  P.  10  Sk. 

113 

II. 

Pogson 

1860 

2  Eq.  8  P.  9  Sk. 

114 

II. 

Pogson 

1852 

17  Bv  4  Hn.  1  K.  15  P.  13  Sk. 

115 

I. 

Anthelm 

1670 

— 

116 

II. 

Hind 

1861 

10  Bi.  4  Hn. 

117 

n. 

Kirch 

1686 

13  Bv  3  G.  15  P.  6  Sk. 

118 

IV. 

Pigott 

1784 

3  G.  9  Zr. 

119 

ii. 

At  Bonn 

1860 

4  B,.  2  Eq.  8  K.  19  P.  20  Sk. 

120 

IL 

Hind 

1848 

2  Eq.  4  P. 
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TABLE    I.  —  Continued. 


No. 

'"• 

»„.. 

R.  A.  1BJS. 

Dec.  1875. 

^ 

Mia. 

P». 

1,    ii,     - 

°      , 

m 

m 

i 

121 

S    AquihK 

20    6  63 

+  16  14.9 

8  9  —  0.9 

10.7  — 11.8  147  J 

\Ti 

11   Sagillie 

8  22 

+  u;  ai.r 

K6  — 8.7 

9.B  —  10.4 

70.4 

138 

K   Itelpliini 

8  63 

+  8  42.7 

7.6  —  8.5 

lie 

HU 

m 

3M7 

V   Cygni 

13  11 

+::i  3H.7 

3—6 

<e 

i'j"> 

U  Cygni 

16  44 

+47  30.1 

7.81 

BtB1 

r.'ii 

1667 

Ii  Cephei 

19  62 

+  ss  4i'..l 

6? 

10! 

i:h. 

-  Cygni 

87  17 

+47  41.8 

8 

12 

428 

187 

S    llflphioi 

87  19 

+  1U  3*4 

8.4  —  8.6 

10.4  — 11.1  275.6 

128 

T  Delpliini 

80  34 

+  16  (VI.  7 

8.2  —  8.9 

<13 

331.4 

WO 

U  Cap  ri  corn  1 

41  11 

—15  14.4 

10  2  —  10.8 

<13 

208.5 

\:.\) 

8064 

T  Cygni 

42  12 

-+■;.',  r>:,.< 

6.51 

6? 

m 

T  Aquarii 

43  20 

—  5  8(1.6 

6.7  —  7.0 

12.4  —  12.7 

20:V2 

132 

It     VulpClultB 

68  10 

+2::  !!>.: 

7.6  —  8.5 

12.6—13.0  137.5 

i:;-j. 

21    0  10 

—n  -iux 

H 

M 

K,"J' 

T  Ccphei 

+1.7  r.f.\ 

5.6 

0.6 

883 

l:;:; 

T  Capricorn! 

16     6 

—15  41.4 

8.9—9.7 

<13 

289.4 

l-;l 

S   Cephei 

30  46 

+:«   :j.(5 

7.4  —  8.5 

11.5 

186 

1"f 

Nova  Cygni 

37    2 

+  42    1H2 

ISO 

3816 

m   Cepliei 

39  41 

+68  12  4 

41 

51 

IfT. 

l:;.i 

T  Pcgnii 

22    2  48 

+  11   06  7 

8.8  —  9.8 

<12.5 

387.5 

137 

S    Cental 

24  32 

+67  411.0 

3.7 

1.0 

6.4 

|:;:. 

Lticertoi 

87  48 

+41  43  0 

8.6 

<13.6 

316 

L88 

S   Aquarii 

60  25 

—21    00 

7.7  —  0.1 

<11.6 

!7fti 

!;■;:■ 

1078 

0   Pcgmi 

67  45 

+  -J7  21  - 

2.2 

27 

Iff. 

:  [' 

It  Pegasi 

23    0  22 

+  9  62.1 

6.9  —  7.7 

12! 

882.0 

I  ii 

S   Pegnii 

14  14 

+  8  14.2 

7.0 

<12.S 

4103 

it  A<j.iarii 

37  21 

—16  687 

6.8  —  8.5 

111 

'■:-  (i 

U:: 

4234 

It  Cnesiopein* 

62    4 

+  50  41.5 

4.8  —  0.8 

<I2 

fS&B 

Rbvabki. 

27.  Spectrum  of  type  III.    En. 

27a.  Max.  188(1,  March  7;   magn    9.6.     In  middle  of  May,  magn.  10.5; 
October  27,  magn.  8.7.     Variation  irregular,  or  law  very  complicated.    D. 
43.  Mux.  1886,  December  1.    K. 

63.  Max.  1886,  April  0.    G 

64.  Max.  1886,  August  10;  magn.  7.7.    Min.  1886,  Dec  2;  magn.  13.1.     K. 
80a.  Period  367*.03.     Magn.  at  max.  73;  at  min.  10.3.    D. 

85.  Max.  1886.  July  28 ;  magn.  9.8.     K. 

87a.  Period  300  daya  (uncertain).     Magn.  at  max.  7.1 ;  at  min.  9.6.     D. 
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TABLE  I.— Continued. 


No. 

ClttS. 

Dtoorerar. 

Date. 

Obferrattons,  1886. 

121 

II. 

Baxendell 

1863 

29  Bv  18  Ee.  19  K. 

122 

II.? 

Baxendell 

1869 

29  B,.  24  Ee.  3  Hn. 

123 

II. 

Hencke 

1859 

2  Eq.  2  Hn.  1  P.  84  Sk. 

124 

I. 

Janson 

1600 

11  Sk.  1 1  Zr. 

125 

II. 

Knott 

1871 

16  Bv    17  Ee.    14  En.    lEq.  17  G 

.   UK 

126 

II.? 

Pogson 

1856 

6  Ba.  16  Ee.  13  Sk. 

[89  SI 

126a 

II. 

Birmingham 
Baxendell 

1881 

18  Bj.  6  En.  9  K.  12  P.  37  Sk. 

127 

II. 

1860 

15  Bj.  22  Ee.  2  Eq.  10  P.  6  Sk. 

128 

II. 

Baxendell 

1868 

13  Bv  10  Ee.  1  Eq.  10  K.  7  P.  12  Sk. 

129 

II. 

Pogson 

1858 

2  Eq.  5  P. 

130 

— 

Schmidt 

1864 

— 

131 

n. 

Gold  achmidt 

1861 

2  Eq.  19  P. 

182 

ii 

At  Bonn 

1858 

12  Ee.  1  Eq.  16  K.  1  M.  4  P. 

182a 

— 

Peters 

1867 

5  P. 

1826 

n.? 

Ceraski 

1878 

17  Ee.  2  Eq.  21  K.  3  M.  52  Sk. 

133 

IL 

Hind 

1854 

2  Eq.  4  P. 

184 

II. 

Hencke 

1858 

20  Ee.  3  M.  56  Sk. 

184a 

I. 

Schmidt 

1876 

4M. 

135 

III.? 

Hind 

1848 

70  G.  8  M.  31  Sk.  28  Zr. 

186 

II. 

Hind 

1863 

3  M.  15  P. 

137 

IV. 

Goodricke 

1784 

11  G.  28  Zr. 

187a 

— 

Deichmiiller 

1888 

2  Eq.  5  M.  9  P. 

138 

II. 

Argelander 

1853 

2  Eq.  4  M.  7  P.  6  Sk. 

139 

III. 

Schmidt 

1847 

14  M. 

140 

II." 

Hind 

1848 

1  Ee.  1  Eq.  12  M. 

141 

II. 

Marth 

1864? 

1  Eq.  11  M. 

142 

II. 

Harding 

1811 

2  Eq.  3  M.  6  P.  15  Sk. 

143 

11. 

Pogson 

1853 

6Bj.  8D.  7Ee.  7  G.  10 M.  IP. 

31  Sk 

91a.  Period  281d.2.    Magn.  at  max.  8.0;  at  min.  11.5.    D. 

916.  1886,  December  1,  magn.  9.1 ;  ruddy.    K. 

121.  Max.  1886,  October  4?,  magn.  9.2.  Min.  1886,  July  7?,  magn.  ll.< 
also  December  2 ;  magn.  10.75. 

125.  Max.  1886,  September  19.    G.— Max.  1886,  August  17  ± ;  magn.  7.9.    1 

182.  Min.  1886,  July  5;  magn.  13.6.    K. 

1326.  Max.  1886,  March  26  ±;  magn.  6.2.  Min.  1886,  October  16;  magi 
9.6.    K. 

135.  No  well  marked  max.  in  1886.  Near  min.  1886,  August  22  to  28,  Se 
tember  16  to  30,  October  1  and  16,  and  November  1.    G. 
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TABLE  II.— Additional  Stars. 


No. 

R.  A.  1876. 

Dee.  1875. 

ObMTTfttioQa,  188& 

^ 

h.    m. 

o        t 

__ 

0  35.9 

4-40  37 

4  En.    IP. 

9 

37.8 

-4-  6  37 

14  P. 

— 

1    4.4 

+  8  68 

10. 

21 

6.2 

+80  53 

4M. 

23 

7.7 

-4-34  67 

3M. 

25 

16.0 

+  92 

6  P. 

— 

16.4 

+  6  45 

3M. 

31 

19.5 

—  4  87 

5M. 

S7 

26.7 

—  7  22 

4M. 

__ 

28.2 

+11  55 

110.    2M. 

A. 

43 

83.5 

—29  40 

4M. 

45 

89.1 

+  7  66 

5M. 

47 

47.8 

+  8  10 

2B.    10.    5M. 

_— 

48.9 

+22  58 

6  0. 

57 

2    0.8 

—  9  11 

4M. 

59 

10.4 

+58  22 

4M. 

61 

15.2 

+54  47 

10.    4M. 

63 

19.0 

+  9  66 

4M. 

_ 

19.7 

+81    5 

6  0. 

B. 

_ 

31.9 

+49    1 

10. 

_ 

62.5 

+80  59 

7G. 

C. 

78 

8  37.6 

+  90 

3  P. 

77 

41.8 

—  0  17 

2M. 

83 

46.9 

—  0  62 

1M. 

87 

67.8 

+23  38 

3  P. 

93 

4  14.6 

+19  81 

25  Sk. 

117 

6    14 

—  8  49 

4M. 

123 

6.3 

+  0  22 

2M. 

_ 

6.6 

—12    0 

10. 

_ 

6.9 

—12    2 

6  En.    5  Sn. 

129 

66 

—  0  15 

3M. 

135 

23.0 

—  0    9 

4M. 

_ 

23.4 

—  1  12 

6  0. 

D. 

139 

23.8 

—  1    8 

8  P. 

143 

27.4 

+21  62 

3M.    4  P. 

145 

28.3 

+10  10 

9  0. 

E. 

151 

29.3 

—  3  20 

2M. 

... 

85.8 

+  2  18 

2G. 

^_ 

42.5 

+37  16 

1G. 

^m ^ 

48.4 

+20    9 

14  B,.  16  B..  19 D.  26 Ee.  86 G. 
6Hn.   21 M.  89  P.  22  Sn. 

F. 

__ 

561 

+42  59 

8  0. 

G. 

159 

6  10.6 

+  58 

4M. 

161 

11.2 

—  1  32 

4M. 

165 

27.9 

—27  61 

1G.    1M. 

H. 

_ 

45.1 

—27  11 

1G. 

L 

__ 

7  22.0 

—11  18 

8G. 

J. 

177 

28.0 

—  1  39 

3M. 

179 

24.8 

—  9  81 

8M. 

_ 

350 

+  3  65 

2  0. 

199 

55.0 

—12  82 

3M. 

205 

8    2.4 

+19  48 

6  P. 

_ 

48.8 

+17  42 

1G. 

— 

9    1.2 

+15  18 

8M. 
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TABLE  11— Continued. 


No. 

R.  A.  1876. 

Deo.  1876. 

Obtenratioo*,  1886. 

Bmd. 

h.    m. 

o        ' 

- 

— 

9  14.6 

+14  52 

3M. 

229 

20.1 

+14  60 

3M. 

— 

21.4 

—  8    7 

IG. 

248 

80.4 

+15  48 

8M. 

— 

40.8 

+  7  13 

6  0.    8M. 

K. 

— 

53.2 

+  3  69 

2  0. 

— 

10    53 

+18  13 

4M. 

— 

11.6 

+18  21 

3M. 

— 

31.4 

—12  80 

6  En. 

298 

46.5 

—20  35 

4M. 

294 

47.2 

+14  23 

IIP. 

808 

11  10.0 

—  3  22 

3M. 

— 

64.5 

—18  58 

19  Sn. 

811 

12    7.6 

+  0  17 

4M. 

315 

10.7 

+80  49 

5M. 

— 

14.1 

—21  31 

18  Sn. 

— 

18.8 

+  1  28 

1  0.    2  Sn. 

— 

18.8 

—10  66 

IG. 

827 

24.0 

+  66 

1M. 

331 

26.9 

—19  66 

1M. 

— 

82.0 

+  2  88 

IG. 

837 

32.7 

+17  12 

4M. 

345 

37.0 

—13  10 

IG. 

— 

40.7 

+  6  38 

3  0. 

348 

44.6 

+82  23 

1M. 

361 

13  24.0 

—  8  55 

1M. 

375 

47.8 

+11  41 

3M. 

38L 

66.4 

—  1  47 

3M. 

888 

68.2 

—  8  36 

IIP. 

— 

14    8.1 

+18  83 

17  Sn. 

— 

8.7 

+10  41 

18  Sn. 

— 

13.3 

+  0  68 

2G. 

— 

15.6 

—  1  26 

8B. 

— 

18.3 

+16  63 

8BX. 

— 

24.7 

+39  25 

22  D.    4  0. 

L. 

— 

29.5 

+37  11 

10. 

407 

42.7 

+  6  29 

14  Hn. 

— 

43.6 

+  8  80 

2G. 

413 

45.4 

—11  49 

8M. 

429 

15  10.7 

—  3  43 

3M. 

— 

13.0 

+27  18 

9G. 

M. 

437 

29.0 

—20  46 

9  P. 

— 

80.7 

+16  31 

4  0. 

441 

808 

—16  46 

6  P. 

— 

33.5 

+86  89 

8G. 

447 

365 

—10  31 

3M. 

461 

89.2 

—20  44 

8  P. 

— 

49.4 

—17  57 

3M. 

459 

16    1.2 

—21  11 

9  P. 

— 

3.8 

+  1    9 

10. 

465 

9.1 

+11  60 

8M. 

471 

22.4 

—19  14 

3  P. 

479 

31.7 

+72  82 

4M. 

488 

44.7 

—  5  68 

3M. 
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TABLE  II. - 

-  Continued. 

No. 

R.  A.  1876. 

Dee.  1876. 

Ob*erratkmf,  1886. 

R 

h.    m. 

o       * 

401 

16  63.2 

—  4    2 

8M. 

603 

17  37.6 

—18  36 

3M. 

GOO 

18    2.7 

+28  44 

11  B. 

27  Hn. 

617 

28.0 

+86  64 

3M. 

— 

82.4 

+  8  43 

17  En. 

3M. 

621 

43.1 

—  8    8 

8M. 

. 

— 

60.0 

-+-4    8 

9Zr. 

620 

62.8 

+14  12 

2M. 

— 

66.3 

+31  68 

1  Sn. 

686 

67.7 

—  5  62 

8M. 

— 

10    3.4 

+28  69 

8G. 

— 

7.6 

+  6  18 

8G. 

— 

03 

+66  39 

7G. 

— 

16.1 

+17  26 

12  En. 

646 

230 

+  2  80 

2G. 

649 

271 

+17  28 

11  Ee. 

3M. 

— 

284 

—26    0 

2  Sn. 

— 

32.3 

—28  42 

8Sn. 

— 

32.6 

—23  43 

8Sn. 

666 

86.3 

+  12  63 

11  Ee. 

3G.    8M. 

— 

60.3 

+16  17 

66  En. 

71  G.    3M.    89  Sn. 

— 

66.0 

—28    8 

3Sn. 

— 

20    6.7 

+47  29 

19  En. 

7M. 

— 

6.1 

+44  80 

-Hn. 

667 

7.8 

—22  21 

OP. 

— 

10.7 

+44  39 

-Hn. 

— 

12  4 

-h39  50 

16  G. 

— 

21.7 

—18  13 

3M. 

— 

24.3 

+80  84 

15  En. 

3M. 

— 

30.7 

+17  38 

36  G. 

— 

41.6 

+  6  32 

2G. 

— 

46.1 

+27  47 

40  G. 

66  Sn. 

— 

49.2 

+27  86 

6Sn. 

— 

21    0.2 

—16  16 

3M. 

601 

1.4 

—21  61 

8  P. 

— 

0.6 

+60  36 

8G. 

— 

22.4 

+66  68 

-Hn 

— 

31.3 

+44  40 

77  G. 

— 

36.8 

+34  66 

6G. 

— 

40.0 

—  2  47 

3  En. 

1G. 

613 

45.2 

+  64 

2M. 

615 

66.6 

—17  14 

7  P. 

— 

22  31.7 

+67  47 

18  M. 

— 

47.6 

+  1  11 

1  G. 

631 

23    1.7 

—  7     1 

3M. 

635 

14.8 

+55  26 

4M. 

645 

33.3 

—  1  26 

3M. 

— 

39.9 

+  2  47 

6  En. 

4G. 

651 

61.5 

—  9  39 

12  P. 

653 

54.9 

+59  40 

9M. 

— 

68.1 

—11  12 

2G. 

>._H 
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Remarks. 

A.  Only  slight  variation  observed.    G. 

B.  Below  magn.  8  in  all  observations.    G. 

C.  Variation  of  about  half  a  magnitude  observed.    G. 

D.  Only  slight  variation.    G. 

£.  T  Ononis,    Only  small  variation  observed.     G. 

F.  U  Ononis.    Discovered  by  Gore  in  1886. 

G.  Variation  of  three  or  four  steps  observed.    G. 
H.  Invisible  with  binocular,  March  5.  1886.     G. 
I.  Estimated  magn.  7.4,  March  6, 1886.    G. 

J.     No  variation  detected.    G. 

K.  Below  magn.  8  in  March  and  April,  1886.  It  lies  south  following  DM. 
+7°  2181.    G. 

L.     V  Bootis.    Period  266d.5.    Magn.  at  max.  6.7 ;  at  min.  9.5.    D. 

M.    Certainly  variable  to  some  extent.    G. 

N.    Only  slight  variation  observed.    G. 

O.    Slight  variation.    G. 

P.    Magn.  76  or  7.6  September  3,  6,  and  22.    G. 

Q.  S  (10)  Sagittal.  Maxima,  1886,  July  19;  August  80;  September  7, 16; 
October  1,  10,  27;  November  4,  80;  December  16,  25.  Minima,  June  12; 
August  8 ;  October  7,  24 ;  November  1,  10 ;  December  4.    G. 

R.    No  variation  observed.    G. 

S.    Practically  invariable.    Spectrum  of  type  IV.    En. 

T.    Min.  August  29  ± .    G. 

U.  T  Vulpecules.  Near  max.  1886,  September  14,  27 ;  October  10 ;  Novem- 
ber 10, 16 ;  December  16,  24.    Min.  1886,  August  29.    G. 

V.    Estimated  magn.  7.3, 1886,  September  2  and  8.    G. 

W.  W  Cggni.    Max.  1886,  May  19,  August  28  ±.    Min.  1886,  Feb.  14  ±.    G. 

X.    Only  slight  variation  observed.    G. 

T.    Nearly  equal  to  k  on  September  15.     En.    Near  max.  September  15.    G 


Professor  Safarik  has  made  12  observations  of  the  minor  planet 
Vesta,  in  continuation  of  his  interesting  researches  upon  the  light  of 
asteroids,  mentioned  at  the  close  of  the  report  made  last  year. 
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REPORT. 


To  the  President  op  the  University: 

Sir,  —  The  work  of  the  Observatorjr  has  been  largely  increased 
during  the  past  year  by  means  of  three  important  accessions  to  its 
resources.  The  plans  for  the  studj'  of  stellar  spectra  conducted  as  a 
memorial  to  the  late  Dr.  Henry  Draper  have  been  greatly  enlarged  by 
Mrs.  Draper's  continued  liberalit}-.  The  fund  left  by  the  late  Uriah 
A.  Boy  den  for  the  establishment  of  a  mountain  observatory  has  been 
transferred  bv  its  Trustees  to  the  President  and  Fellows  of  Harvard 
College,  and  the  researches  undertaken  by  its  means  are  now  directed 
at  this  Observatory.  Finally,  the  income  of  the  large  bequest  of 
the  late  Robert  Treat  Paine  has  been  available  for  the  support  of 
Observatory  work  during  the  entire  year.  Each  of  the  sources  of 
income  above  enumerated  is  greater  than  that  often  provided  for  the 
entire  maintenance  of  an  independent  observatory,  and,  in  comparison 
with  what  is  ordinarily  attainable,  this  institution  can  no  longer  be 
regarded  as  inadequately  endowed.  It  would  be  a  serious  mistake, 
however,  to  infer  from  this  circumstance  that  the  want  of  additional 
funds  with  which  important  and,  from  the  scientific  point  of  view, 
urgently  required  researches  may  be  supported  has  ceased  to  be  felt. 
All  endowments  require  increase  as  time  passes,  since  the  rate  of 
income  from  invested  property  continually  tends  to  diminish  in 
countries  where  wealth  is  increasing.  Hut  apart  from  this  considera- 
tion, the  new  resources  of  the  Observatory  are  already  so  much 
absorbed  in  the  work  which  has  been  undertaken  with  their  aid  that 
it  is  extremely  diflicult  to  spare  any  part  of  them  for  the  improvement 
of  the  building  or  for  the  publication  of  the  results  obtained  by 
observation.  Yet,  as  has  been  remarked  on  former  occasions,  atten- 
tion to  these  wants  of  the  Observatory  can  hardly  be  delayed.  It  is 
probable  that  there  has  never  been  a  time  in  the  history  of  the 
institution  when  so  large  a  return  could  be  obtained  for  a  given 
additional  expenditure  of  money  as  would  now  result  from  the  com- 
mand of  moans  suflicient  for  the  desired  improvements.  The  principal 
building,  as  was  stated  in  the  last  report,  is  inadequate  to  the  re- 
quirements of  modern  astronomy  and  to  the  present  needs  of  the 
Observatory.  A  temporary  remedy  for  the  want  of  space  which  is 
now  seriously  felt  would  be  to  occupy  the  east  wing  of  the  building, 
now  used  as  the  residence  of  the  Director,  for  scientific  purposes.    In 


this  case  it  would  be  necessary  to  build  a  new  dweiling-hocs 
the  Observatorv.  This  addition  is  also  desirable  on  the  erour 
the  east  wing  of  the  Observatory  is  ill  adapted  for  use  as  a  dw 

In  order  to  prevent  an  undue  increase  in  the  length  of  these  n 
it  will    be  necessary  to  describe   the  progress  of  the  work 
Observatory  more  concisely  than  heretofore.     It  will  be  given 
three  principal  headings,  the  Observatory  Instruments,  the  1 
Memorial,  and  the  Rovden  Fund. 

The  Observatory  is  indebted  to  Professor  William  A.  Rog< 
the  contribution  of  a  i>ortion  of  the  expense  of  constructing  s 
parator  made  under  his  supervision,  and  also  for  a  careful  sti 
the  errors  of  a  thermometer  belonging  to  the  Observatory. 

On^KKVATi iky  Instrument*. 

East  Equatorial.  —  This  instrument  remains  in  good  conditk 
still  in  great  want  of  facilities  for  its  more  convenient  use.  si 
are  now  commonly  provided  for  telescopes  of  its  class.  Its  pr: 
work  has  been  the  continuation  of  the  observations  on  eelijj 
Jupiter's  satellites  and  on  the  comparison  stars  for  variables, 
weather  proved  unusually  unfavorable  to  the  first  of  these  rese:i 
Out  of  tiH  eclipses  which  might  have  been  observed  if  the  weath 
permitted,  only  16  could  be  observed  fairly  well ;  7  more  we 
served  imperfectly  through  clouds,  so  that  the  total  number  is 
the  year,  and  381  in  all.  The  observations  of  comparison  sti 
variables  were  nearly  complete,  so  far  as  regards  the  list  ol 
objects  originally  compiled,  when  the  series  was  terminated 
accidental  breaking  of  the  wedge.  The  wedge  photometer  no 
ployed  in  the  continuation  of  the  work  and  in  other  investigati 
that  mentioned  in  the  Fortieth  Report  as  made  in  England  f< 
Observatory  under  the  superintendence  of  Professor  Pritchait 
the  details  of  the  apparatus  have  been  somewhat  modified  sin 
instrument  was  received.  It  was  investigated  by  Professors  L< 
and  Young,  as  will  be  mentioned  in  describing  the  publications 
year,  and  after  its  return  to  this  place  the  wedge  was  removed 
the  remainder  of  the  apparatus  and  mounted  in  the  focal  plane 
telescope  in  a  manner  proposed  by  Professor  Searle.  The  stai 
observed  is  viewed  between  two  bars  placed  at  right  angles 
wedge  and  rigidly  connected  to  the  index  of  the  scale,  but  m 
in  the  Held  for  convenience  of  adjustment.  In  this  form  the  i 
inent  gains  in  facility  of  use.  and  the  inaccuracy  to  be  apprel 
from  a  larger  field  of  view  and  the  occasional  presence  of  other 
or  general  brightness  of  the  skj\  does  not  seem  to  be  importai 
is  probably  counterbalanced  by  the  additional  security  that  the 


beam  of  light  from  the  eyepiece  is  properly  received  by  the  eye  when 
the  field  is  visible.  From  observations  made  on  25  nights  the  aver- 
age deviation  of  one  observation  from  the  mean  of  a  set  of  six, 
expressed  in  magnitudes,  is  0.19  ;  if  one  night  is  excluded,  on  which 
the  observations  were  thought  to  be  affected  by  variable  haze,  the 
result  is  0.15.  The  average  deviation  of  the  result  for  a  single  star 
upon  one  night  from  the  mean  of  three  nights  is  0.09.  It  is  proposed 
to  employ  the  instrument  in  the  observation  of  zones  of  DM.  stars, 
and  in  the  investigation  of  the  phases  of  asteroids. 

Occasional  observations  of  comets  have  been  made  by  Mr.  Wen- 
dell as  in  former  years.  Comet  1886  VII.  was  observed  on  one  night ; 
Comet  1886  VIII.  on  one  night;  Comet  1886  IX.  on  one  night; 
Comet  1887  II.  on  two  nights;  Comet  1887  III.  on  four  nights; 
Comet  1887  IV.  on  thirteen  nights.  The  comet  recently  discovered 
by  Brooks  (a  return  of  Olbers'  Comet)  has  been  observed  on  four 
nights.  At  the  request  of  Mr.  It.  Bryant  the  asteroid  (80)  Sappho 
was  observed  bv  Professor  Searle  on  seven  nights. 

Meridian  Circle. — The  only  observations  made  with  this  instru- 
ment at  present  are  those  needed  for  the  determination  of  clock  error, 
since  the  accumulation  of  unpublished  results  obtained  with  it  still 
demands  the  use  of  the  resources  applicable  to  this  department  of 
work.  But  at  the  request  of  Dr.  Auwers  this  Observatory  has  agreed 
to  undertake  the  observation  of  one  of  the  zones  required  in  the  pro- 
posed revision  of  the  Southern  Durchmusterung.  These  observations 
will  be  begun  with  the  meridian  circle  as  soon  as  possible  after  the 
definite  assignment  of  the  zones  to  be  revised,  which  has  not  yet  been 

■ 

made  by  the  Astronomische  (Jesellschaft. 

The  reduction  of  the  observations  still  unpublished  has  been  actively 
continued  throughout  the  year,  under  the  superintendence  of  Profes- 
sor William  A.  Rogers,  according  to  the  arrangement  mentioned  in 
the  last  report.  The  preparation  of  the  catalogue  of  zone  stars  be- 
tween the  declinations  -f-  50°  and  -f-  55°  is  approaching  completion. 
The  results  of  the  observations  of  these  stars,  including  those  observed 
in  the  revision  made  in  1883-85,  have  been  reduced  to  the  epoch 
1875.0.  The  preliminary  computation  of  the  precession  and  secular 
variation  has  been  completed,  with  the  aid  of  tables  previously  pre- 
pared for  the  purpose.  From  twenty-eight  published  catalogues, 
13,401)  observations  of  stars  in  the  zone  have  been  brought  forward 
to  1875.0,  and  the  work  of  comparing  these  places  with  the  zone 
observations  is  far  advanced. 

Meridian  Photometer.  —  The  work  of  observing  the  zones  at  inter- 
vals of  five  degrees  undertaken  with  this  instrument  in  the  region 


6 

covered  by  the  Southern  Durchinustcrung  is  about  half  eon 
and  will  probably  be  finished  within  a  year.  The  similar  obser 
in  the  northern  hemisphere  are  now  substantially  completed 
ditional  observations  of  groups  of  stars,  also  observed  by  Dr. 
mann  of  the  Pulkowa  Observatory,  have  likewise  been  mad 
many  stars  have  been  observed  at  the  request  of  Mr.  II.  M 
hurst,  to  enable  him  to  connect  his  photometric  observations  u 
system  of  magnitudes  here  adopted.  Similar  observations  wc 
gladly  undertaken  to  assist  the  work  of  other  astronomers  wl: 
desire  them.  The  observations  of  the  year  have  been  made,  as 
bv  Mr.  "Wendell  and  myself.  They  consist  of  lf>G  series,  con 
in  all  47,47(»  settings.  The  average  deviation,  expressed  in  U 
stellar  magnitude,  for  stars  observed  at  the  upper  culininat 
0.117. 

Edipse  Obaerrations.  —  The  policy  of  the  Observatory  is  ge 
to  undertake  large  pieces  of  routine  work  in  which  some  v; 
result  is  certain  to  be  attained  rather  than  to  make*  eonsii 
expenditure  for  eclipses  or  other  accidental  phenomena  in 
failure  could  result  from  clouds. 

The  total  eclipse  of  the  sun  on  August  11*,  1^87,  gave  an  i: 
opportunity  to  study  the  solar  corona  at  two  points  widely  m?| 
and  thus  indicate  its  fixity  or  motion  during  an  interval  of  two 
A  plan  was  accordingly  prepared  by  Mr.  \V.  II.  Pickering  to  U 
question.  By  the  courtesy  of  Professor  C.  A.  Young,  photo* 
apparatus  was  sent  to  Russia  under  his  charge,  and  Profe>so 
comb  kindly  authorized  Professor  Todd  to  have  similar  obser 
made  in  Japan.  The  plates  were  prepared  here,  tested  \ 
exposure  of  a  small  part  of  each  to  a  standard  light,  and  were  t 
been  developed  and  discussed  by  Mr.W.  II.  Pickering.  I'nfortu 
clouds  prevented  a  successful  result.  The  total  cost  to  th 
servatorv  did  not  exceed  three  hundred  dollars.  Had  the  v 
permitted,  photographs  would  have  been  obtained  at  each 
with  apertures  of  ten  inches,  giving  images  of  the  sun  nearly  i 
in  diameter.  In  Japan  photographs  would  also  have  been  ol 
on  plates  seventeen  inches  square,  in  which  the  sun  would 
diameter  of  five  inches  without  enlargement. 

IIknky  Dkackk  Mkmokial. 

The  progress  of  this  work  was  detailed  last  spring  in  a 
widely  circulated  and  copied  in  various  scientific  journals, 
various  researches  undertaken,  the  photographs  of  the  spectra 
brighter  stars  north  of  —  2."> '  are  now  completed.     Each  por 
the  heavens  should  appear  ou  at  least  four  plates,  of  which  63; 


. .' 


have  been  made.  Each  plate  covers  a  region  10°  square,  from  two  to 
five  exposures  of  five  minutes  each  being  made  on  every  plate.  The 
total  number  of  spectra  contained  in  this  work  is  27,803.  The  greater 
portion  of  these  have  been  measured,  the  character  of  the  spectra 
indicated,  and  the  corresponding  stars  identified.  The  places  of  these 
stars  for  1900  have  also  been  computed  and  the  preparation  of  a 
catalogue  will  shortly  be  undertaken. 

A  beginning  has  also  been  made  in  the  study  of  the  photographic 
brightness  of  these  spectra.  As  the  effect  of  color  is  thus  eliminated, 
this  method,  if  successful,  may  supersede  all  photometric  determina- 
tions and  eye  estimates  of  stellar  magnitude.  A  second  research 
will  give  to  each  plate  an  exposure  of  an  hour,  and  thus  include 
fainter  stars.  The  entire  skv  north  of  —  20°  would  be  covered  twice 
by  055  plates,  if  no  defective  plates  were  taken.  102  plates  have  so 
far  been  measured,  containing  9*80  spectra,  of  which  9065  have 
already  been  identified.  These  photographs  will  be  completed  in  one 
or  certainly  in  two  years  from  the  present  time.  It  is  then  proposed 
to  send  the  instrument  to  the  southern  hemisphere  and  thus  complete 
the  work  to  the  south  pole.  A  third  research  is  carried  on  with 
the  11 -inch  refractor  formerly  owned  by  Dr.  Henry  Draper.  This 
instrument  has  been  mounted  in  a  wooden  building  surmounted  by  a 
dome  of  twenty  feet  in  diameter.  Four  prisms,  each  nearly  a  foot 
square,  cover  the  object-glass  and  give  spectra  about  five  inches  long. 
All  of  the  stars  brighter  than  the  third  magnitude  have  been  photo- 
graphed with  this  apparatus.  These  photographs  are  then  enlarged 
bv  the  aid  of  a  cylindrical  lens  so  as  to  form  images  several  inches  in 
length,  and  of  any  desired  width.  Several  hundred  lines  are  visible 
in  many  of  these  spectra.  For  a  more  detailed  study  of  the  spectra  of 
the  fainter  stars  Mrs.  Draper  has  sent  to  Cambridge  the  l.>  and  28  inch 
reflectors  constructed  by  Dr.  Draper.  They  are  to  be  mounted  in  a 
building  recently  erected  to  contain  them.  They  will  be  employed  in 
studying  the  spectra  of  the  variable  stars,  of  the  banded  stars,  and  of 
those  stars  in  which  the  first  investigation  mentioned  above  indicates 
airy  peculiarity  of  spectrum.  Besides  an  observer  and  corps  of  com- 
puters for  this  work,  Mrs.  Draper  has  furnished  a  second  observer, 
who  maintains  the  work  during  the  latter  part  of  the  night  until  inter- 
rupted by  daylight.  The  total  number  of  photographs  so  far  taken 
with  the  8-ineh  telescope  is  17112,  with  the  11 -inch  732.  The  photo- 
graphs are  developed  in  a  cottage  recently  rented  by  the  Observatory 
and  especially  fitted  up  for  photographic;  work.  Various  novelties 
arc  contained  in  it ;  for  instance,  an  arrangement  for  exposing  the 
plates  automatically  to  a  standard  of  light  for  exactly  one  second,  the 
enlarging  apparatus,  and  other  appliances  constructed  especially  for 
this  work. 


Boyden  Fund. 

A  fund,  now  amounting  to  about  $238,000,  was  left  by 
Uriah  A.  Boyden  for  conducting  astronomical  observations  a 
height  as  to  be  free,  so  far  as  possible,  from  the  injurious  eflf 
to  the  atmosphere.  Last  spring  the  trustees  of  the  fund  cone 
transfer  it  to  the  President  and  Fellows  of  Harvard  Colleg 
W.  II.  Pickering  was  appointed  as  assistant  in  charge  of  tl 
and  since  then  has  devoted  his  time  to  devising,  construct 
testing  the  new  class  of  instruments  required.  An  object 
twelve  inches  aperture  was  purchased  and  mounted  on  a 
support,  so  that  it  could  be  directed  to  the  pole-star.  Two  ii 
this  object  were  formed  by  a  double-image  prism  and  their  d 
measured  under  various  atmospheric  conditions.  Photograpl 
trail  of  the  spectrum  of  the  brighter  stars  also  served  to  men 
steadiness  of  the  air  in  various  localities.  The  clearness  o 
was  determined  bv  similar  observations  near  the  horizon,  and 
photograpl  ling  the  trail  of  stars  near  the  north  pole  of  the 
and  near  the  horizon  upon  the  same  plate.  Another  test  of  tl 
ness  of  the  sky  is  found  by  photographing  upon  the  same  ] 
sky  near  the  sun,  and  at  a  distance  from  it,  and  also  expo 
plate  to  a  light  of  constant  intensity. 

A  stud}'  of  the  transparency  of  the  air  to  the  violet  rays  w; 
with  a  spectroscope  whose  lenses  and  prisms  were  made  of 
The  meteorological  conditions  of  the  atmosphere  are  exam 
self-recording  instruments.  Besides  the  usual  forms  of  then 
and  barograph  a  form  of  sunshine  recorder  has  been  devise 
indicates  on  a  single  sheet  ail  the  morning  hours  during  a  n 
which  the  sun  is  shining.  An  instrument  has  also  been  con 
for  recording  the  hours  during  which  the  sky  is  clear  at  iii] 
photograph  of  the  trail  of  the  pole-star  is  taken  every  eveni 
small  telescope,  which  is  closed  automatically  ever}*  morn  in, 
twilight  begins. 

All  of  these  instruments,  except  the  pole-star  recorde 
tried  by  Mr.  Pickering,  two  assistants,  and  myself  in  the  clej 
Colorado.  Thev  were  mounted  and  carefully  tested  at  an  all 
14,000  ft.  on  Pike's  Peak,  at  11,000  ft.  at  Seven  Lakes,  and 
ft.  at  Colorado  Springs.  A  comparison  with  the  results  t 
bridge  near  the  sea  level  exhibits  the  effect  of  varjiug  the 
of  the  place  of  observation  to  the  extent  of  nearly  three  miles 

Visits  were  also  made  to  Mt.  Lincoln,  14,300  ft.,  Mt.  Bross, 
and  various  points  reached  by  railroad  at  heights  exceeding 
ft.,  to  determine  the  availability  of  these  points  for  a  pe 
station. 


Important  aid  was  rendered  in  the  study  of  the  climate  of  Colorado 
by  Professor  F.  H.  Loud,  who  was  enabled  to  aid  officially  in  this 
work  by  the  courtcs}*  of  the  trustees  of  Colorado  College.  With  his 
assistance  stations  have  been  established  upon  Mt.  Lincoln,  Mt. 
Bross,  and  at  various  lower  points.  By  the  cooperation  of  the  U.  S. 
Signal  Service  self-registering  instruments  are  now  in  operation  at 
Pike's  Peak,  Colorado  Springs,  and  Denver.  A  large  number  of 
vertical  and  horizontal  angles  were  obtained  by  means  of  a  micro- 
meter level,  showing  the  positions  of  the  mountains  seen  from  various 
points  in  Colorado.  It  is  expected  that  important  additions  will  thus 
be  made  to  our  knowledge  of  their  heights  and  locations.  Photo- 
graphs of  the  solar  spectrum  in  Colorado  permit  prints  to  be  made 
extending  to  the  wave-length  292  and  showing  many  lines  not  con- 
tained in  any  work  hitherto  published. 

A  telescope  of  thirteen  inches  aperture  and  fifteen  feet  focus,  so 
constructed  that  it  can  be  used  for  either  visual  or  photographic  pur- 
poses, is  now  nearly  completed  bj*  the  firm  of  Alvan  Clark  &  Sons. 
A  second  telescope  of  eight  inches  aperture,  eleven  feet  focus,  will 
be  mounted  upon  the  same  stand.  This  last  lens  is  a  doublet,  and  is 
intended  to  make  charts  of  the  stars  f>°  square,  on  the  same  scale  as 
the  charts  of  Peters  and  Chacornac. 

A  dome  is  now  nearly  completed  on  the  Observatory  grounds  in 
which  these  instruments  will  be  mounted  and  thoroughlv  tested.  A 
second  building,  forty  feet  long,  is  also  being  erected  for  spectro- 
scopic and  photographic  purposes.  A  large  collection  of  books, 
maps,  and  photographs  relating  to  mountains  in  all  parts  of  the 
world  has  been  made,  and  an  extensive  correspondence  on  the  same 
subject  has  also  been  opened.  Next  summer  a  second  expedition 
will  be  made  to  Colorado,  and  it  is  hoped  that  observations  may  be 
maintained  there  permanently  in  connection  with  this  Observatory. 
Later  it  is  purposed  to  test  some  insular  climate  like  that  of  the 
Sandwich  Islands,  and  plans  are  already  proposed  for  observations 
in  Peru,  where  two  railroads  reach  the  heights  of  15,800  and  14,600 
ft.  respectively. 

Miscellaneous. 

Variable  Stars.  —  Messrs.  Park  hurst,  Eadie,  Hagen,  and  Zaiser 
have  continued  their  cooperation  with  this  Observatory  in  collecting 
fresh  material  for  the  studjr  of  the  variable  stars.  An  interesting 
research  undertaken  during  the  vear  bv  Mr.  Parkhurst  relates  to  the 
variations  of  asteroids  due  to  distance  and  phase,  and  possibly  also 
to  rotation  or  other  causes  as  yet  undetermined.  It  is  expected  that 
a  preliminary  series  of  these  observations  will  soon  appear  as  one  of 
the  sections  of  the  eighteenth  volume  of  Annals.     Communications, 
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which  have  been  recorded  in  a  report  upon  the  subject  p 
during  the  summer,  were  received  from  the  following  fori 
servers  of  variable  stars :  M r.  T.  W.  Backhouse,  of  Sun 
England ;  Messrs.  Joseph  Baxendell  and  Joseph  Baxendell 
Southport,  England  ;  Dr.  N.  C  Duner,  of  Lund,  Sweden  ;  Re 
Espin,  of  Wolsingham,  England ;  Mr.  J.  E.  Gore,  of  Ball; 
Ireland ;  Mr.  George  Knott,  of  Cucklield,  England ;  I 
Safarik,  of  Prague,  Austria ;  Mr.  T.  8.  II.  Shearmen,  of  Br 
Canada.  It  is  proposed  that  the  corresponding  report,  to  be  p 
during  the  coming  year,  shall  contain  an  index  to  all  observe 
variable  stars,  so  far  as  their  existence  may  be  known, 
published  or  not.  All  who  can  furnish  information  tending 
this  report  more  complete,  especially  with  regard  to  the  imp 
observations,  are  requested  to  communicate  it  to  this  Observa 

Time  Service.  —  Two  important  improvements  have  bee 
during  the  year  in  this  department  of  the  work  of  the  Obse 
A  new  mean  time  clock,  Ballon  No.  103,  has  been  tesl 
delivered  to  the  Observatorv  according  to  contract.  It  h 
used  as  the  origin  of  the  signals  since  June,  1*8G.  The 
amount  of  its  error  at  the  times  of  observing  star  transits  1 
0g.30,  the  average  interval  between  the  times  of  these  detenu 
being  2.1  days.  The  average  error  of  the  clock  at  10a.m.  I 
0V2(),  while  the  average  change  in  the  daily  rate  from  each  da 
next  has  been  0M9.  The  clock  can  obviously  be  so  manag 
diminish  either  of  the  amounts  last  named,  if  the  other  is  all 
increase.  A  more  rapid  compensation  of  the  error,  howevei 
be  inconvenient  to  the  watchmakers  who  use  the  signals. 
Observatory  now  possesses  two  mean  time  clocks,  it  will  I 
ticable  to  make  use  of  one  of  them  as  a  standard  time-piece,^ 
other  is  employed  as  the  origin  of  the  signals.  Moreover,  whe 
of  the  clocks  requires  repairs,  the  signals  can  be  continued 
other.  The  second  improvement  above  mentioned  consists 
considerable  additions  made  to  the  line  of  wire  eonveving  the 
The  work  has  been  planned  so  that  it  will  tend  to  the  i 
establishment  of  two  Observatorv  lines  of  wire  to  Boston,  \i 
tions  interchangeable  between  switch  boards  accessible  by  tel 

Teleyrophic  Announcements.  —  The  telegraphic  distribn 
astronomical  intelligence  has  been  continued  during  the  yes 
the  management  of  Mr.  Ritchie.  Announcements  have  been 
the  discovery  of  seven  asteroids  and  six  comets.  There  ha 
sent  to  the  European  union  of  astronomers  or  received  it 
fifteen  cable  messages,  and  the  number  of  telegrams  sent 
conntrv  has  been  325. 
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Buildings  and  Grounds.  —  The  need  of  a  new  building  has  been 
pointed  out  in  the  beginning  of  this  report,  and  as  additional  space 
for  computation  and  the  preservation  of  records  will  continue  to  be 
required,  it  is  expected  that  the  inadequacy  of  the  present  building 
will  constantly  become  more  apparent.  A  temporary  remedy  has 
been  sought  in  securing  the  use  of  two  small  houses  on  Madison 
Street.  One  of  these  belongs  to  the  College  and  has  been  hired  by 
the  Observatory.  It  serves  as  a  photographic  laboratory  and  for 
other  purposes,  generally  connected  with  the  work  of  the  Draper 
Memorial.  The  other  house  has  been  purchased,  and  will  chiefly  be 
serviceable  in  connection  with  the  work  of  the  Boyden  Fund.  In 
supplying  the  want  of  additional  room  for  new  instruments,  it  has 
appeared  best  to  follow  the  modern  practice  of  providing  each  with 
its  own  building.  Two  buildings  surmounted  by  domes  about  twenty 
feet  in  diameter  have  been  erected  to  accommodate  the  11 -inch 
refractor  and  the  28-inch  reflector  of  Dr.  Draper,  and  a  similar 
building  is  in  course  of  construction  for  the  instrument  to  be 
employed  in  experimental  work  under  the  Boyden  Fund. 

Publications. — Volume  XVII.  of  the  Annals  of  the  Observatory 
has  been  published  during  the  year.  It  contains  Mr.  Chandler's 
treatise  on  the  Almucantar,  which  explains  the  theory  of  this  instru- 
ment and  exhibits  the  results  of  the  observations  made  with  it  by  the 
author.  Volume  XVIII.  will  consist  of  comparatively  short  separate 
articles,  which  will  be  successively  distributed  as  soou  as  published, 
in  order  to  place  them  earlier  in  the  hands  of  astronomers.  Two 
numbers  of  the  series  have  already  appeared.  The  first,  entitled 
"Magnitudes  of  Stars  employed  in  various  Nautical  Almanacs," 
contains  a  list  of  the  stars  for  which  ephemerides  are  given  in  the 
almanacs  published  by  government  authority  in  the  United  States, 
England,  France,  Germany,  and  Spain,  with  the  magnitude  of  each 
star  as  determined  by  the  Harvard  Photometry,  the  Uranometria 
Oxoniensis,  WohTs  photometric  observations,  and  the  Uranometria 
Argentina.  The  almanacs  of  the  United  States.  France,  and  Spain 
intend  to  employ  these  magnitudes  hereafter,  and  the  American 
Ephemeris  for  1890,  in  which  this  change  has  been  made,  has  already 
appeared.  The  second  number  of  Volume  XVIII.  contains  a  dis- 
cussion of  the  Uranometria  Oxoniensis. 

A  treatise  in  quarto  form,  by  Professors  S.  P.  Langlev.  C.  A. 
Young,  and  E.  C.  Pickering,  was  published  in  the  Memoirs  of  the 
American  Academy  of  Arts  and  Sciences.  It  describes  observations 
undertaken  to  test  the  applicability  to  photometric  uses  of  the  wedge 
of  tinted  glass  made  for  this  Observatory  in  England,  and  already 
mentioned  in  describing  the  work  of  the  East  Equatorial. 
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The  following  list  contains  the  titles  of  other  publication 
have  appeared  during  the  year,  either  as  official  conimnnicatioi 
the  Observatory  or  as  papers  prepared  by  its  officers  individm 

Forty-first  Annual  Report  of  the  Astronomical  Observatory  of  ] 
College. 

Photographs  of  Stellar  Spectra.      Ry  Edward   C.  Pickering. 
xxxiv.  .i7n. 

New    Furni    of    Construction    of    Object-glasses    intended    for 
Photography.     Ry  Edward  C.  Pickering.     Ibid,  xxxvi.  ,")t»*J. 

Recommendations  wilh  respect  to  the  pi*o|M»s(ad  Photographic  ( 
the  Skv.  Rv  Kdward  C.  Pickering,  letter,  translated  into  Fr»-i 
published  at  page  \K\  of  the  work  entitled  ••  Congn\s  Astnjphotogr 
Internet ioual  tenu  a  laOh>crvatoire  de  Pari?*  pour  le  Keve  de  hi  I 
Cid,"  Paris,  lss7. 

Observations  of  Variable  Stars  in  ISHiS.  Rv  Edwanl  C.  Pi< 
Proe.  Am.  Aead.  of  Art?*  and  Sciences,  xxii.  :i*n. 

Rovilcii  Fund.    Circular,  describing  the  objects  of  this  fund.     Rv 
C.  Pickering. 

I  In  vi  I  en  Fund.  Circular  No.  '2.  Meteorological  Observations.  Rv! 
C.  Pickering. 

Henry  Draper  Memorial.  First  Annual  Report*  of  the  Photo 
Study  of  Stellar  Spectra  conducted  at  the  Harvard  College  Obsei 
Kdwanl  C.  Pickering,  Director.  With  Plate.  Cambridge,  lss7.  R« 
in  Nature,  xxxvi.  :U,  and  Memorie  della  Societa  degli  Spettw 
Italiaui,  xvi.  lX\. 

j  Heights  of  the  White  Mountains.    Ry  Kdwanl  C.  Pickering.    App 

iv.  :ia">. 

ObM-rvations  of  Comets  (lHAfi  VIII.  and  1SS7  II.).  By  O.  C.  V 
Astroiioniisclie  Xachrichtcn.  cxvi.  Ml. 

Observation*  of  Outlet  1**7  III.  Rv  O.  C.  Wendell.  Ihid.c* 
Also,  Astronomical  Journal,  vii.  71'. 

Orbit  of  Comet   lss7   III.     Rv  O.   O  Wendell.      Astmnomiscln 

* 

richten,  cwi.  :>17.     Also,  Sidereal  Messenger,  vi.  101. 

The  Luminous  Rands  Visible  in  and  near  the  Zodiac.  Rv  Arthur 
AstroiifMiiische  Xachrichten,  cxvi.  :V2'A. 

Observations  of  (SO)  Sappho.  Communicated  by  Edwanl  C  P\i 
Ibid.  cxvi.  :>7;>. 

Orbit  of  Comet  lssii  IX.     Ry  O.  C.  Wendell.     Ibid,  cxvii.  .V.I. 

Orbit  of  Comet  1**7  IV.     Rv  O.  C.  Wendell.     Ibid,  cxvii.  111*. 

Magnitudes  of  Circumpolar  Stars  determined  at  the  Observat* 
Mo-scow  and  of  Har\ard  College.     Ry  Kdwanl  C.  Pickering.     Ibii 

l:«». 

Proposed  Index  to  Observations  of  Variable  Stars.  By  Edv 
Pickering.  Ibid,  cxvii.  lt»7.  Also,  Monthlv  Xotices  of  the  U.  Astr.  : 
xlvii.  ib'»,  and  Observatorv,  \.  :»ol.' 

Observations  of  Comet  1SX7  IV.  Ry  O.  C.  Wendell.  Astrom 
Niichrichteii,  cxvii.  *2-U\.     ANo,  Astronomical  Journal,  vii.  Ill  and 

EDWARD  C.  PICKERING,  Dirt 
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